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 Between January 2011 and March 2021 oil and gas wells in Pennsylvania produced 
305,637,795 barrels of liquid waste and 6,992,957 tons of solid waste with the majority from 
Marcellus Shale unconventional wells. This waste is not considered hazardous and over 89% of 
the solid waste generated by unconventional and conventional oil and gas extraction has been 
disposed of in landfills over the past decade.  This study examined trends in the quantity of waste 
produced and methods of disposal. Landfills accepting this waste were identified and their 
general method of leachate treatment, using onsite facilities or offsite at wastewater treatment 
plants, was investigated. Waterways where treated leachate was discharged were identified and 
tested for water chemistry indicative of oil and gas waste. Downstream water chemistry was 
impacted in 62.5% of the sites and the likelihood of impact increased at landfills that had 
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CHAPTER 1- BACKGROUND 
1.1 A Brief History of Oil and Gas Extraction in Pennsylvania 
 Pennsylvania has a long history of oil and gas extraction but unconventional natural gas 
extraction using hydraulic fracturing is a relatively recent development. The first commercial oil 
well in the United States was drilled in Titusville, Pennsylvania by Edwin L. Drake in 1859.  
Since then, it is estimated that between 300,000 and 500,000 oil and gas wells have been drilled 
in the state (Lampe & Stolz, 2015). Commercial use of natural gas predates Drake’s well. The 
world’s first commercial natural gas well was hand dug by William Hart in Fredonia, New York 
in 1821. By 1850 the well was supplying homes, business, and the town’s main street with gas to 
fuel lights (Carter et al., 2011). Gas wells were drilled in Pennsylvania near Lake Erie beginning 
in the 1860s with other portions of the state following soon after; however, geologic features of 
the Marcellus Shale limited development in that shale play (Carter et al., 2011).  The modern 
hydraulic fracturing technique used in unconventional natural gas extraction was developed 
between 1947 and 1949 by Standard Oil. However, this method did not play a major role in 
Pennsylvania until the early 2000s (Montgomery & Smith, 2010).  In 2003, the Range Resources 
Corporation drilled a well, Renz 2, in Mount Pleasant Township, Washington County, 
Pennsylvania. Gas production at that well began following hydraulic fracturing in 2004 and 
2005. This success quickly led to the drilling and hydraulic fracturing of hundreds of shale wells 
in Washington County, and the method has since spread across the state (Carter et al., 2011). 
1.2 Geology of the Marcellus Shale  
 Most natural gas in Pennsylvania is extracted from the Utica and Marcellus shale 
formations, sedimentary rock layers deposited around 350 million years ago when the region was 




approximately 246,000 square kilometers from southern New York, across central and western 
Pennsylvania, into eastern Ohio, much of West Virginia, and into the very western edge of 
Maryland (Maloney & Yoxtheimer, 2012; Soeder &Kappel, 2009). Deposited in an ancient river 
delta near the Catskill Mountains, the basin under the Marcellus subsided created a wedge-
shaped formation that is thickest in northeastern Pennsylvania and thinner to the north and west 
(Figure 1.1). The organic-rich material in the river delta was soon covered by other, younger 
Devonian sediment and the compression and heating of this organic material over geologic time 
formed hydrocarbons, including natural gas (Figure 1.2) (Soeder &Kappel, 2009). The depth of 
both the Utica and Marcellus shales varies across the basin. Both can be found at depths as 
shallow as 2,000 feet below the surface along their northern edges in Ohio, Pennsylvania, and 
New York. The Marcellus extending as deep as 9,000 feet, while the generally shallower Utica in 
some, limited areas, extends as far as 14,000 feet below the surface (Marcellus Center, 2020) 
(Appendix N). 
 





Figure 1.2. Generalized cross section of the Marcellus shale in Western Pennsylvania. The older river 
sediments have been covered and compressed by later sandstone and siltstone layers. (Marcellus Center, 
2020) 
 
Compared to other shales, the Marcellus shale is more porous and able to hold higher 
volumes of natural gas (Schumann & Vossoughi, 2012; Soeder & Kappel, 2009). In addition, 
thinner material in the western portion of the formation are predominately black and gray shale 
which is richer in hydrocarbons (including natural gas) than the sandstone, siltstone, and shales 
in the east (Soeder & Kappel, 2009). Marine shales like the Marcellus contain Naturally 
Occurring Radioactive Materials (NORM). Uranium concentrations, for example, between 4 and 
25ppm (parts per million) are typical (Carter et al., 2011). Additional NORMs found in shale 
include radon, radium, and thorium, potassium-40, lead-210 and polonium-210 (EPA, n.d.-c). 
1.2.1 Radioactive particles  
   Radioactive elements (radionuclides) are unstable atoms which emit ionizing radiation 




continues until a stable state is reached. As can be seen in Figure 1.4, the decay chain of uranium 
includes thorium-232 (Th-232), thorium-228 (Th-228), thorium-224 (Th-224), thorium-230 (Th-
230), radium-224 (Ra-224), radium-226 (Ra-226), radium-228 (Ra-228), radon-220 (Rn-220), 
radon-222 (Rn-222), and lead-210 (Pb-210), some of the NORMs found in Pennsylvania’s 
shales. Radium-226 and its daughter products, shown in Figure 1.3, are also present in the 
Marcellus shale. As radioactive decay progresses, alpha particles, beta particles, and gamma rays 
may be emitted. Positively charged alpha particles (α) are relatively heavy and composed of two 
neutrons and two protons. These particles are emitted during the decay of the heavy radioactive 
elements such as uranium, radium, and polonium. Because of their greater weight, alpha particles 
cannot penetrate skin and are most dangerous when ingested or inhaled (EPA, n.d.-b; Fair, 
2014).  Smaller and faster-moving beta particles (β) may be negatively charged electrons or 
positively charged positrons can penetrate skin, but are still more dangerous when inhaled or 
ingested. Beta particles are emitted by strontium-90. Made entirely of energy, gamma rays (γ) 
are formed by the separation of photons and can pass through the body to damage tissue and 
DNA (EPA, n.d.-b).  
 
Figure 1.3. Ra-226 is one of the common radionuclides present in the Marcellus shale. The decay 
includes Rn-222 (radon), Pb-210, and Po-210. The radionuclides’ half-life is shown on the left side of the 
box and radiation form on the left side of each arrow. The radiation form and risks to human health and 
the environment changes through the decay chain, changing with the decay product. (National Institute of 





Figure 1.4.  The decay chain for U-228 includes multiple forms of thorium, lead, and polonium as well as 






1.3 Unconventional Oil and Gas Extraction  
1.3.1 Preparation and the Hydraulic Fracturing Process  
 The preparation for a hydraulic fracturing well begins significantly before the well is 
drilled or the pad prepared. First, the drilling company must secure mineral rights for the area. 
Companies do not typically purchase the land they want to drill on, but lease the mineral rights 
from the owner, whether that is an individual, a municipality, or another company. 
Intermediaries, known as land agents, often facilitate these transactions, negotiating terms for the 
leases of the mineral rights and where the well pad and related infrastructure will be built. Lease 
agreements may also include royalty rates and signing bonuses. The rates for leases are set by 
acre but vary substantially because there is no legal minimum rate (Lampe & Stolz, 2015).  
 After mineral rights are secured, seismic surveys are done to better understand a 
location’s stratigraphy. In ground explosives or a “thumper truck” (a large truck with equipment 
to produce vibrations) are used to produce soundwaves. These soundwaves are reflected when 
they encounter rock and then detected by sensors placed in a grid pattern on the surface across 
the area being surveyed. The location and variation in reflected soundwaves are used to create 2-
D or 3-D models of the location’s subsurface features including geologic formation types, fault 
locations, and depths. These models are used to select a drill site and determine which areas to 
target for drilling based on higher porosity and larger gas reserves (Kargbo et al, 2010; Flaherty 
& Flaherty, 2014). After a well location is selected, permits must be obtained from the 
Pennsylvania Department of Environmental Protection, Bureau of Oil and Gas Management. 
Well location may be adjusted based on sensitive ecosystems such as wetlands or streams, or 
flora or fauna that is protected at the state or national level (Flaherty & Flaherty, 2014). Plans 




the well pad area is leveled and topped with a liner and substrate, gravel roads built, pipelines 
installed, and two impoundments, one for drilling fluids and a second for drilling waste, 
prepared.  Equipment required for the initial steps of drilling are then brought in (Lampe & Stolz, 
2015).  
 Drilling begins after an area is excavated to hold equipment. Modern drilling rigs use 
either an air hammer/pneumatic bit or a rotary bit attached to a hollow drilling pipe (Flaherty & 
Flaherty, 2014). A conductor hole is drilled first, and a steel pipe called the conductor casing 
installed and secured with concrete to protect groundwater from contamination with surface 
runoff flowing down the pipe. This casing also prevents soil from caving in (Lampe & Stolz, 
2015; Bureau of Oil and Gas Management). During casing, concrete is pumped down the hollow 
steel pipe and back up the outside of the hole. Drilling only resumes after concrete is dried and 
the casing secured (Flaherty & Flaherty, 2014). A series of smaller holes are then drilled below 
the groundwater level and cased with the “surface string,” a series of casing pipes with smaller 
diameters than the conductor pipe (Figure 1.5). The surface string is then cemented in place like 
the conductor pipe. If the area contains a coal seam, a third casing must be installed in the 
portion of the well that runs through the seam to provide additional protection.  Another casing 
longer than the coal casing or surface casing, an intermediate casing, may be installed if 
additional stability or isolation from the surrounding rock is required. Each casing must be 
secured with cement either to the surface or a set point above the bottom of the casing (Bureau of 
Oil and Gas Management).  
Natural gas bearing shale formations are relatively thin, as little as 50 feet thick. 
Consequently, a vertical shaft is exposed to a small area of the target formation and will only be 




formation dramatically increases access to natural gas (Bureau of Oil and Gas Management). 
After the “kick off” point is reached (this occurs once the vertical shaft enters in the target 
formation) the well transitions from a vertical to a horizontal orientation. A separate drilling rig 
and directional drill may be required to drill the horizontal portion of the well. Multiple lateral 
well bores may be drilled off one vertical shaft, each extending thousands of feet from the 
kickoff point (Lampe & Stolz, 2015). Like the vertical shafts, these lateral well bores are cased. 
Throughout the drilling process, either drilling mud (water or synthetic based) or air is pumped 
down the drill pipe and out the center. These fluids provide some lubrication to the drill and 
carry the rocky debris, known as drill cuttings, to the surface along the sides of the bore hole 
(Flaherty & Flaherty, 2014). The waste material, a combination of drill cuttings and returning 
drill mud, may contain heavy metals, salts, and NORM (especially uranium, radium, and radon) 
from the rock formations being drilled through (Lampe & Stolz, 2015). 
 
Figure 1.5. Top and side profiles of well bore casing. Both the borehole and casing have progressively 
smaller diameters as depth increases. (Flaherty & Flaherty, 2014) 
 
  After the well is drilled and casings installed, preparation can begin for natural gas 
extraction. The casings must be perforated to create a direct connection between the surface and 




charges is used to create holes in the casing (Lampe & Stolz, 2015). Successful hydraulic 
fracturing must apply sufficient pressure to overcome the rock’s tensile strength and tectonic 
forces present in the area (Kargbo et al., 2010). “Slickwater” fracking, which uses water with a 
variety of additives, is the standard method used in Marcellus wells (Bureau of Oil and Gas 
Management).  
Fracking progresses in a series of stages. First, water with dilute acids such as 
hydrochloric or muriatic acid is used to clear debris, dissolve carbonate minerals, and begin to 
open fractures around the well bore. Next, in the pad stage, large amounts of water are      
pumped in at high pressure to fracture the rock.  In the prop sequence stage, slickwater fluids 
with additives including proppants are pumped into the well (Bureau of Oil and Gas 
Management). Proppants such as quartz sand or small ceramic particles are used to transmit 
pressure and hold fractures open once they are created or expanded (Figure 1.6). Other additives 
may include gels to increase viscosity and reduce fluid loss, biocides to prevent microbial 
growth, scale inhibitors to prevent carbonate and sulfate precipitation, surfactants to reduce 
tension between the fluid and rock to increase fluid recovery, corrosion inhibitors and oxygen 
scavengers to prevent degradation of the steel casing, iron control and stabilizing agents to 
inhibit iron precipitation, and friction reducers to control friction with the steel pipe and decrease 
the level of pressure required to pump fluids (Kargbo et al., 2010; Bureau of Oil and Gas 
Management). Finally, a relatively small amount of fresh water is used to flush excess proppants 
from the well (Bureau of Oil and Gas Management). The exact composition of fluid varies based 
on the area’s geology, the well, and the methods preferred by the company completing the 
project. On average, wells use 3-7 million gallons of fluid (90-95% water) during drilling and 




beginning at the far end of the horizontal portion of the well. For each area, a plug is used to 
isolate that area of the well bore to ensure sufficient pressure is created (Flaherty & Flaherty, 
2014). 
 
Figure 1.6. Pressure from hydraulic fracturing fluid expands existing fractures in the target formation 
while proppants such as silica/sand grains ensure the expanded fractures remain open to allow natural gas 
to migrate out from the rock and into the wellbore. (Flaherty & Flaherty, 2014) 
 
1.3.2 Unconventional Oil and Gas Waste 
 The process of unconventional well construction and hydraulic fracturing produces a 
large quantity of waste. Thousands of pounds of drill cuttings are produced while the well is 
drilled. Approximately 10-20% of the millions of gallons of hydraulic fracturing fluid pumped 
into the well returns to the surface during the first 20-30 days after hydraulic fracturing is 
completed; this is known as flowback water. After this initial period, the water that emerges is 
brine, or formation water; fluid that was trapped in the shale during its formation which is now 
making its way to the surface because an opening has been created and pressure released. 
Formation water may have been trapped underground for millions of years. The Marcellus shale 
contains salts, metals, organics, and NORMs all of which become dissolved in the brine and 




Total Dissolved Solid (TDS) levels around 300,000 and must be treated or diluted before reuse 
or release (Maloney & Yoxtheimer, 2012).  
Drilling waste must be collected before treatment or disposal. Wastewater is generally 
stored in above-ground impoundments located onsite or nearby. Impoundments may be used to 
contain fluid from a number of well pads (Lampe & Stolz, 2015). Drill cutting (classified as solid 
waste despite their fluid content) may also be stored in impoundments before being sent      
offsite for disposal. The majority of flowback water (over 96% according to a 2012 study) is 
reused or recycled for hydraulic fracturing at other sites. The brine/formation water may be 
reused, treated at commercial wastewater treatment plants (CWTs) for either reuse or discharge, 
sent to deep injection wells, or used for dust control and ultimately disposed of at landfills 
(Maloney & Yoxtheimer, 2012; Hladik et al, 2014). Conventional oil and gas waste may also be 
used for dust control on public roads, although unconventional waste cannot be used for this 
purpose (Tasker et al, 2018). 
Evaporative loss of water and collection of additional materials when brines or flowback 
water is reused leads to increased NORMs concentrations. As a result, these wastewaters contain 
Technologically Enhanced Naturally Occurring Radioactive Materials (TENORMs), the 
enhancement in this case being the increased concentrations over levels seen in formation water. 
Similarly, buildup of sediment in impoundments and evaporative ponds can result in increased 
concentration and development of TENORMs. As a result, both liquid and solid conventional 
and unconventional oil and gas waste can contain TENORMs and pose risks to workers onsite, 






1.5 Landfills  
All landfills built in the US after the passage of the Resource Conservation and Recovery 
Act (RCRA) in 1971 must include a liner to protect the environment from pollution by leachate 
and solid waste. Leachate is composed of the water and water-soluble compounds that seep from 
a landfill as a result of precipitation and the decomposition of materials in the landfill 
(Wiszniowski et al, 2006). It may contain organic material, ammonia and nitrogen compounds, 
heavy metals, salts, and chlorinated organics (Renou et al, 2008). If not contained and treated, 
leachate can contaminate groundwater or soil. 
Landfills may be lined with 2 to 5 feet of compacted clay, geomembranes (flexible 
membrane liners made of impermeable plastic materials), geotextiles (generally used to prevent 
sediment loss and protect geomembranes), geosynthetic clay liners (GCL) composed of a 4-6 
millimeter layers of clay between two layers of geotextile, and net-like plastic sheets called 
geonets. The number and variety of liners required is determined by the type of waste a landfill 
takes (Hughes et al. 2008). Single-liner systems, usually clay, GCL, or geomembranes, are most 
often used by construction and demolition debris landfills which primarily handle metals, wood, 
concrete, glass, and similar materials (Hughes et al, 2008). Municipal solid waste landfills are 
required to use composite liners consisting of a clay liner and geomembrane (40CFR254). 
Double-liner systems are composed of an upper, primary liner that collects leachate and a lower, 
secondary liner used as a backup and for leak detection. These double-liner systems can be two 
single liners, two composite liners, or one of each (Figure 1.7). These systems provide greater 
protection than either a single-liner system or composite liner and are required for all hazardous 




(Hughes et al, 2008). Regardless of the liner system or material, all landfills’ liners must have a 
leachate collection system made of either sand and gravel or a geonet (Hughes et al., 2008).  
 
Figure 1.7. Example of a double liner system. This system provides the highest level of protection. 
(Hughes et al., 2008) 
 
1.5.2 Leachate Treatment 
 Once collected, landfills have several options for the treatment and disposal of leachate. 
The three primary methods are recycling or recirculating the leachate within the landfill, 
transferring leachate to a wastewater treatment facility where it will be treated with domestic 
wastewater, and on-site treatment. Each method has limitations, and a combination of methods is      
often used to get the best results while controlling costs. For example, while recirculating 
leachate is inexpensive, only a limited volume can be recirculated or it may oversaturate landfill 
content and create acidic conditions (Renou et al, 2008). Sending leachate to a wastewater 
treatment facility has been a common solution and is still widely used in New York, 
Pennsylvania, and Ohio. However, this method has been criticized, as leachate may contain 
heavy metals that slow effluent treatment as well as other compounds that inhibit the breakdown 




and other hazardous materials can also build up in activated sludge, making it unsafe to use as 
fertilizer (Wiszniowski et al, 2006).  
Despite its drawbacks, transfers of leachate to wastewater treatment plants can have 
positive impacts; because of the high nitrogen content of leachate, no nitrogen needs to be added 
by the treatment facility and careful management can produce high quality effluent (Renou et al, 
2008). Leachate may be transferred to wastewater treatment plants through a pipe directly 
connecting the two facilities or trucked to the other locations.  Landfills with a direct connection 
to a wastewater treatment facility are likely to rely primarily, if not exclusively, on that treatment 
plant. Those who truck their waste to treatment plants may use different sites depending on 
which site is charging the lowest rate at a given time.  
 Landfills may choose to treat their leachate onsite or may be required to perform some 
pretreatment before transferring the leachate to a wastewater treatment facility. Onsite treatment 
may involve a combination of biological, chemical, and physical treatment methods. Biological 
treatment can be aerobic, where microbial growth has access to oxygen, or anaerobic. Either 
method can employ attached growth biomass/ biofilms, where microbial growth is attached to a 
surface such as rotating biological contractor or trickle filters, or use suspended-growth biomass 
where microbial growth floats in the water such as in lagoons, activated sludge, or batch reactors 
(Renou et al, 2008; Wiszniowski et al, 2006). Physical and chemical treatments are generally 
combined and include coagulation, flocculation, chemical precipitation, chemical oxidation, air 
stripping, adsorption, and membrane processes (Renou et al, 2008; Wiszniowski et al, 2006). In 
coagulation, chemical precipitation, and chemical oxidation, chemical reactions are used to 
remove targeted compounds. Coagulation is often combined with flocculation. Aluminum 




non-biodegradable organic material. The coagulated materials form clumps which are 
encouraged to settle through flocculation (stirring of the fluid causing materials to settle out) 
allowing for their collection and removal (Wiszniowski et al, 2006; Renou et al, 2008).  
Following coagulation and flocculation, membrane filtration includes microfiltration, 
ultrafiltration, nanofiltration (differentiated by pore size in the membranes), and reverse osmosis 
may be used. Caution must be exercised when combining membrane filtration with chemical 
treatments as some chemicals used in coagulation and chemical precipitation can increase 
membrane fouling resulting in surging costs (Renou et al, 2008; Wiszniowski et al, 2006). The 
type of onsite treatment varies based on landfill age (leachate composition changes substantially 
over time) and treatment purpose; landfills required by law to pretreat leachate before transfer to 
a wastewater facility will likely use fewer steps than those which perform all treatment and 
discharging of the leachate themselves (Renou et al, 2008). 
While onsite treatment can be extensive these systems do have limitations. The Grand 
Central Landfill in Pennsylvania, for example, begins with pretreatment onsite, before taking 
steps to adjust the pH and remove suspended solids, followed by treatment in a CSPR biologic 
system using microbial biomass, followed by filtering the treated leachate through a reverse 
osmosis system twice to remove any particulates. This system and others are intended to treat the 
contaminates present in a municipal landfill but are not necessarily to deal with radioactivity. 
Significantly, in cases where evaporative systems are in use or proposed, for example at the 
Westmoreland Sanitary Landfill, the risk of concentrating radionuclides is a possibility. 
1.6 Wastewater Treatment Facilities 
 Leachate sent to wastewater treatment plants (WWTPs) is processed with the rest of the 




wastewater (EPA, 2004). Most centralized WWTPs, those that treat water for more than a single 
home or business, are also publicly operated water treatment works (POTWs) and the terms can 
be used interchangeably much of the time.  In the US, most WWTPs fall into two categories: 
combined sewer systems and separate sanitary sewer systems. Combined systems collect 
municipal sewage, industrial wastewater, and stormwater runoff from the communities they 
serve (EPA, n.d-e). As a result, these systems can be overwhelmed by heavy precipitation and 
may release untreated wastewater into waterways, risking the contamination of surface water and 
drinking water sources located downstream. Combined sewer systems were common during the 
early twentieth century and are still found in many cities with older sewer infrastructure, 
including Pittsburgh, however most states and municipalities have not allowed the construction 
of these systems since the 1950s (EPA, n.d-e). Separate sanitary sewer systems only collect 
municipal sewage and industrial wastewater but are generally designed to handle some excess 
water during storm events (EPA, n.d-e). 
 Similar to the wastewater treatment systems employed by landfills, WWTPs use a 
combination of physical, chemical, and biological treatment (Figure 1.8). Target pollutants 
include pathogens which may affect drinking water supplies downstream, excess nutrients 
including nitrogen, phosphorus, and carbon, oxygen-demanding substances which require 
oxygen to break down and so deplete oxygen levels in the water, as well as inorganic and 
synthetic organic chemicals (EPA, 2004). Preliminary treatment, followed by primary, 
secondary, and potentially tertiary or advanced treatments are used to remove pollutants from 





Figure 1.8. Overview of the use of physical, chemical, and biological treatment methods during 
wastewater treatment. Reproduced with permissions from Springer Nature. (Crini & Lichtfouse, 2018) 
 
Most WWTP employ a preliminary treatment system composed of screens of decreasing 
sizes to catch larger floating objects. These objects may be removed or ground up and removed 
later. After preliminary treatment, wastewater enters primary treatment, beginning with grit 
chambers where large pieces of debris sink to the bottom, followed by sedimentation tanks 
where slowing the flow of water allows small, suspended solids to sink to the bottom and be 
removed. Coagulation and flocculation may also be used in this phase to clump debris and cause 
it to settle out (EPA, 2004).  
During the next phase, secondary treatment, microbial growth breaks down up to 90% of 
organic matter in the wastewater. Conventional secondary treatment relies on either attached 
growth or suspended growth processes (EPA, 2004; Crini & Lichtfouse, 2018). Under the 
attached growth method, biomass grows on a surface, forming a slime, and the movement of 
water over the surface (as in trickle filter) or the surface (as with rotating biological contractors) 




suspended growth systems, microbial growth remains suspended in the water and air is pumped 
into an enclosed tank to create a highly oxygenated environment where the microorganisms 
thrive (EPA, 2004). Many more recent techniques rely on natural processes for secondary 
treatment (Crini & Lichtfouse, 2018). Shallow lagoons exposed to sunlight and air are used in 
warmer climates to facilitate microbial breakdown, while constructed wetland where natural 
physical, chemical, and biological processes are enhanced can be used more widely. 
Additionally, some areas, particularly in the western US, use land treatment as part of the 
secondary treatment phase. Wastewater is applied to land with crops and natural microbial 
activity, filtration by soil, nutrient uptake by plants, and mineralization and breakdown of 
pollutants by soil microorganisms is used to treat the water (EPA, 2004). After conventional 
secondary treatment, wastewater is often disinfected to remove pathogens. Chlorination, 
exposure to ozone, or ultraviolet radiation can also be used, but each has drawbacks. Excess 
chlorine can harm aquatic organisms, while ozone is very expensive and UV radiation damages 
the genetic material of microorganisms, although organisms can sometimes reverse or repair      
the damage (EPA, 2004). 
After secondary treatment many WWTPs employ tertiary or advanced treatment methods 
before discharging effluent. Nitrifying bacteria may be used to convert toxic ammonia to nitrate 
via nitrification. Anaerobic conditions may force microorganisms to convert that nitrate to 
nitrogen gas through denitrification, where the oxygen in nitrate is removed by bacteria for use in 
their metabolic processes and nitrogen gas is released. This avoids the release of excess nitrate 
into waterways which can result in eutrophication. Coagulation and sedimentation with alum, 




treatment, membrane filtration, reverse osmosis, or carbon adsorption may be used to remove 
trace amounts of pollutants (EPA, 2004).  
 Even after effluent is released, WWTP must dispose of biosolids and sludges formed 
during the treatment process. Composed of waste removed during water treatment and excess 
microbial growth, biosolids are rich in nutrients. Biosolids may be stabilized to reduce odor and 
reduce microbial growth, dried, and sold as fertilizer for use on crops or for landscaping by 
municipalities or homeowners (EPA, 2004). However, if WWTP handle leachate from landfills, 
heavy metals and other hazardous materials can build up in these biosolids, making them      
unsafe for use as fertilizer (Wiszniowski et al, 2006). Like landfills, these systems are not 
necessarily designed to handle radioactivity and it may impact microbial biomass and build up in 
sludges.  
1.7 Environmental and Public Health Risks 
1.7.1 Potential Exposure to Radionuclides  
 Drilling waste from wells in the Marcellus and Utica shales contain NORMs due to the 
geochemical makeup of those rock layers. Liquid waste, especially hydraulic fracturing fluids 
and brines that are reused, contain TENORMs with much higher concentrations. NORMs are 
especially prevalent in unconventional well wastes because these wells occur almost exclusively 
in the shale layers. The presence of NORMs and TENORMs has caused concern about potential 
exposure of members of the public, oil and gas workers, and wastewater treatment and landfill 
facility employees to radionuclides from unconventional oil and gas wastes (ALNabhani et al., 
2016). Previous studies of landfill leachate from sites accepting Marcellus drilling waste found 
concentrations of Radium-226 between 98 to 378 pCi/L in the leachate, significantly exceeding 




being discharged, neither leachate treatment systems nor WWTP are intended to remove 
radionuclides and some or all the radium present in the leachate could make its way into 
waterways.  
Previous studies examining soil samples downstream of CWTs found elevated levels of 
radium, despite the widespread use of Na2SO4 to promote the precipitation of radium and other 
metals out of solution before effluent discharge (Warner et al, 2013; Lauer et al, 2018). Although 
treatment significantly reduced radium loads in the effluent, over time radium still built up in 
downstream sediment (Warner et al, 2013; Lauer et al, 2018). Even after CWTs largely stopped 
accepting unconventional oil and gas waste, elevated levels of radium were still found in 
downstream soil samples. Evaluation of the Ra-226 and Ra-228 and their daughter products 
showed the buildup had continued after unconventional oil and gas waste was no longer accepted 
and that they had come from the discharge of effluent containing treated conventional oil and gas 
waste (Lauer et al, 2018).  
Figure 1.9 illustrates a variety of potential exposure pathways to radionuclides resulting 
from disposal of oil and gas waste in landfills. Water withdrawn from waterways downstream of 
impacted WWTP or of leachate treatment facilities may take up radionuclides which could then 
make their way into public water supplies or water used for irrigation. Crops grown with 
impacted water, livestock given contaminated surface water, or fish and shellfish caught in 
affected waterways may carry radionuclides that could impact human health if consumed. 
Recreation downstream could also expose people to radioactive elements. Runoff of excess 






Figure 1.9. Potential paths of exposure to NORMs and TENORMs from oil and gas waste range from 
direct exposure of workers to the exposure of consumers of crops or livestock grown with impacted water 
and sold to the public. Reproduced with permission from the Center for Coal Field Justice. 
 
 In addition to impacts on human health, the release of NORMs and TENORMs into 
waterways can impact aquatic organisms and ecosystems. Aquatic organisms, especially those 
living near landfill or WWTP outfalls, may be exposed to elevated TENORMs levels while 
terrestrial organisms could be exposed through water or radon in the air. Particularly for 
terrestrial mammals exposed to radon, exposure depends on inhalation rates and body size and 
varies significantly depending on the organism (Vives i Batlle et al., 2017). Determining 
exposure and understanding potential impacts also requires extensive knowledge of an 
organism’s ecology as habitat use and diet during different life stages or migration can all alter 




amphibians (Beaugelin-Seiller et al., 2018).  Especially for smaller, more sensitive, or aquatic 
organisms, exposure to TENORMs could damage individuals, impact reproduction, and result in 
bioaccumulation and biomagnification impacting other organisms and the broader ecosystem 
(Warner et al, 2013; Lauer et al, 2018).  
1.7.2 Impacts of Bromide on Drinking Water 
 In addition to radionuclide, formation water also contains elevated levels of bromide. 
When bromide interacts with disinfectants in CWTs or WWTPs, it may form toxic disinfectant 
by-products (DBP) in the trihalomethanes, halonitromethanes, haloacetonitriles, haloacetalhydes, 
and propanones groups (Hladik, et al, 2014).  These compounds are genotoxic, mutagenic, and 
toxic after prolonged exposure such as occurs with persistent intake of impacted drinking water 
(Hladik, et al, 2014). Bromide-containing DBPs are more toxic than non-bromide-containing 
DBPs (Hladik, et al, 2014). Analysis of water samples from WWTPs and CWT outfalls and 
downstream locations found higher levels of DBPs downstream of CWTs. DBPs have been 
found in treated drinking water if source water contained 150–330 μg L of bromide (Hladki, et 
al, 2014).  While WWTPs that do not handle oil and gas waste can also create DBPs, the 
elevated levels of bromide in brines and higher levels of DBPs downstream of water treatment 
facilities handling oil and gas waste indicates this waste can impact drinking water downstream, 
potentially harming public health (Warner et al, 2013). While WWTPs no longer take oil and gas 
waste directly and less than 1% of oil and gas waste is sent to CWTs (Appendix L) releases from 
CWTs may still have localized impacts and, if leachate from landfills handling oil and gas waste 
contain elevated levels of bromides, it could impact water quality downstream of either the 





1.8 Regulations  
1.8.1 Resource Conservation and Recovery Act 
The Environmental Protection Agency (EPA) is tasked with regulating landfills under the 
Resource Conservation and Recovery Act (RCRA). Per RCRA, EPA sets “minimum national 
technical standards for how disposal facilities should be designed and operated” while states 
issue permits and oversee compliance based on those national standards (EPA, n.d-a).   
Both municipal and industrial landfills are regulated under RCRA subtitle D (solid waste 
landfills). Municipal landfills take household waste while industrial landfills focus on waste from 
industry including construction and demolition sites and coal combustion residues. Hazardous 
waste can only be disposed of at hazardous waste landfills and are subject to strict regulations 
under RCRA subtitle C (hazardous waste landfills) and the Toxic Substances Control Act 
(TSCA) (EPA, n.d.-d). Although they contain TENORMs, neither conventional nor 
unconventional oil and gas waste are considered hazardous waste and can therefore be handled 
by either municipal or industrial solid waste landfills. 
1.8.2 Clean Water Act 
1.8.2.1 State Surface Water Standards 
 Under the 1972 Clean Water Act (CWA), states, under the supervision of the EPA, must 
set Water Quality Standards (WQS) to address surface water pollution within their boundaries. 
States designate beneficial uses for each body of water; example use designations include public 
drinking water source, wildlife habitat, or warm water fisheries. Once use designations are 
created, states must set WQS for each type of beneficial use. A body of water may fall under 
multiple sets of WQS based on a combination of beneficial uses. Standards must ensure water 




develops national water quality criteria recommendations for pollutants that states use to 
formulate their WQS (EPA, n.d.-f).  The EOA must also approve WQS and ensure water quality 
does not degrade. The degree of specificity and complexity of WQS varies by state. 
 Standards for New York are laid out in 6 CRR-NY 703.3 and 6 CRR-NY 703.5. 
Waterways may be listed under multiple uses with overlapping water quality criteria (Table 1.1). 
Health and aquatic standards are focused on human health and include standards for toxic 
substances like arsenic, while aesthetic standards are more focused on the clarity and 
attractiveness to users and community members and include standards for materials like iron 
which impact the appearance of a waterway. Designations for wildlife and recreation do not 
include further subsets but have their own standards.  
Standards for Pennsylvania are listed under 25 Pa. Code 93.7. Designations of special 
protection, either high quality or exceptional quality waters, are used as modifiers for aquatic 
life/habitat designation and provide a waterway with additional protection to prevent degradation 
(Table 1.1). Unlike either New York or Ohio, Pennsylvania also has a designation and water 
quality standards to ensure the navigability of waterways.   
Water quality standards for Ohio are found under OAC Chapter 3745-1 and are the most 
complex of the three states. In addition to a more complex series of beneficial use classifications 
which often overlap, Ohio also has many waterways and drainage basin specific standards (Table 
1.1). All waterways are designated as either part of the Ohio River or Lake Erie drainage basin 
and standards may differ between the two, often being more relaxed in the Lake Erie basin 
(Figure 1.10.). Standards also differ based on whether the area being monitored is inside or 
outside an outfall mixing zone and whether you are measuring daily or monthly averages or 




Additionally, the Ohio River has its own, entirely separate set of standards. Despite this 
complexity, some waterways fall under very few standards. The Cuyahoga River, for example, is 
designated as limited use based on its history and value to navigation, subjecting it to much 
lower standards than most waterways. However, between February and July the Cuyahoga River 
falls under slightly stricter standards because its designation as a migratory fish corridor modifies 
its general limited use designation.  
Table 1.1 Beneficial use classifications for surface water in New York, Pennsylvania, and Ohio. Each 
state creates their own beneficial use categories and accompanying standards, but they generally include 
protections for human health, aquatic habitats, and recreation.  
New York 
Health • Water Source 
• Fish Consumption 
Aquatic • Chronic 
• Acute 
Wildlife  
Aesthetic • Water Source 
• Food Source 
Recreation  
Pennsylvania 
Aquatic Life • Cold Water Fisheries 
• Warm Water Fisheries 
• Migratory Fishes 
• Trout Stocking      
Water Supply • Potable Water Supply 
• Industrial Water Supply 
• Livestock Water Supply 
• Wildlife Water Supply 
• Irrigation 
Recreation & Fish Consumption • Boating 
• Fishing 
• Water Contact Sports 
• Aesthetic 
Special Protections • High Quality Water 
• Exceptional Quality Waters 
Other • Navigation 
Ohio 
Aquatic Life Habitat • Warmwater 
• Limited Warmwater 
• Exceptional Warmwater 
• Modified Warmwater 




• Cold Water with subsets: 
• trout stream  
• native fauna 
• Limited Resource Waters with subsets:  
• acid mine drainage  
• small drainageway maintenance 
Water Supply • Public (potential public drinking water) 
• Agricultural 
• Industrial 
Recreation • Bathing Waters 
• Primary Contact (people are likely to 
come into full body contact with but 
may not swim in) 
• Secondary Contact 
 
Figure 1.10. Boundaries of the Ohio River and Lake Earie water basins.  
 
1.8.2.2 National Pollution Discharge Elimination System 
 The CWA establishes the National Pollution Discharge Elimination System (NPDES) to 
address pollution in surface water. Under NPDES, all municipal and industrial wastewater 
discharge require a NPDES permit which limits the number and quantity of pollutants which can 




landfills and WWTPs fall under NPDES (EPA, 2004). All states discussed in this study (Ohio, 
New York, and Pennsylvania) have been granted authority to implement NPDES under the 
oversight of the EPA (EPA, n.d.-f). As a result, each state maintains its own permitting system, 























CHAPTER 2- SPECIFIC AIMS AND HYPOTHESES 
 In 2015, the US Environmental Protection Agency formalized a ban preventing oil and 
gas waste from being sent to municipal wastewater treatment facilities because those facilities 
were not equipped to handle toxic substances in the hydraulic fracking wastewater.  There was 
also concern about the contamination of drinking water withdrawn downstream of impacted 
WWTP outfalls (Hurdle, 2015). Despite the ban, in 2018 State Impact Pennsylvania reported that 
the Belle Vernon Municipal Authority’s wastewater treatment plant was being impacted by oil 
and gas waste (Frazier, 2019). The WWTP treated leachate from a landfill that accepted large 
volumes of oil and gas waste and that leachate was killing the microorganisms used in the 
biologic treatment of the wastewater. Additionally, radium from the oil and gas waste was found 
to have made its way into the leachate, through the wastewater treatment plant and into the 
Monongahela River. This raised concerns that it could affect drinking water. Articles in 2019 and 
2020 indicated continued concern about the impact of oil and gas waste on leachate, wastewater 
treatment plants, and drinking water (Frazier, 2019; Pribanic &Wiener, 2020; Frazier, 2020) . 
Even if radionuclides are not at high enough levels to impact human health, they may impact 
small aquatic organisms and undergo bioaccumulation and biomagnification. The purpose of this 
thesis is to examine the impacts of oil and gas waste on landfill leachate and waterways.  
2.1 Hypothesis  
H-1. The composition of leachate from landfills taking oil and gas wastes will contain chemical 
constituents indicative of oil and gas waste. 
The goal was to sample leachate from landfills both taking and not taking oil and gas 
waste and analyze them for pH, conductivity, anions (i.e., F, Cl, Br, NO2, NO3, PO4, 




propane) and radioactivity (e.g., Ra-226, Ra-228; Rn-222). Mass ratio analyses was to be 
used to compare leachate composition with oil and gas brines and mine drainage (Cantlay 
et al., 2020c). 
H-2. Wastewater treatment plants (WWTPs) taking leachate from landfills taking oil and gas 
wastes will have discharge that contain chemical constituents indicative of oil and gas waste. 
The goal was to sample discharge from WWTPs that were taking oil and gas waste, and 
those that were not, and analyze them for pH, conductivity, anions (i.e., F, Cl, Br, NO2, 
NO3, PO4, SO4), cations (e.g., Fe, Mn, Li, Ca, Na, Mg, Sr, Ba), VOCs (i.e., methane, 
ethane, ethene, propane) and radioactivity (e.g., Ra-226, Ra-228; Rn-222). Mass ratio 
analyses was to be used to compare leachate composition with oil and gas brines and 
mine drainage (Cantlay et al., 2020c). 
H-3. Streams receiving discharge from WWTPs taking leachate from landfills taking oil and gas 
wastes will show evidence for oil and gas waste.  
The goal was to sample the outfall of WWTPs treating leachate from landfills taking oil 
and gas waste as well as upstream and downstream and analyze them for pH, 
conductivity, anions (i.e., F, Cl, Br, NO2, NO3, PO4, SO4), cations (e.g., Fe, Mn, Li, Ca, 
Na, Mg, Sr, Ba), VOCs (i.e., methane, ethane, ethene, propane) and radioactivity (e.g., 
Ra-226, Ra-228; Rn-222). Mass ratio analyses was to be used to compare leachate 
composition with oil and gas brines and mine drainage (Cantlay et al., 2020c). 
2.2 Specific Aims 
In order to validate the three hypotheses, the following several specific aims were pursued: 
Specific Aim 1: Explore the permitting and tracking of leachate treatment and disposal in New 




state. Is information publicly available on what landfills accept oil and gas waste and where 
leachate from those facilities is treated? How accessible is this information? The purpose of this 
specific aim was to determine the ease of accessibility of this information.  
Specific Aim 2: Identify waterways that may be impacted by landfill leachate exposed to oil and 
gas waste, scoping out potential sampling sites. The purpose of this specific aim was to identify 
potential sources of surface water contamination. 
Specific Aim 3: Sample surface water near discharges from landfills and WWTPs in New York, 
Ohio, and Pennsylvania for key constituents including anions, cations, and radionuclides.  The 
purpose of this specific aim is to assess whether current practices in Pennsylvania, Ohio, and 
New York are endangering surface and groundwater. Specific questions to be addressed: Are 
radionuclides from oil and gas waste found in waterways where effluent from impacted landfills 
is discharged and are the concentrations enough to affect human health or the health of aquatic 
systems? 
Specific Aim 4: Take and test soil samples from near discharges for landfills and WWTPs in 
New York, Ohio, and Pennsylvania for radium. Even the reduced amount of radium found in 
CWT effluent after treatment can accumulate to elevated levels in downstream sediment (Warner 
et al, 2013; Lauer et al, 2018). This can provide a clear indicator of whether oil and gas wastea 









CHAPTER 3- MATERIALS AND METHODS 
3.1 Unconventional Well Waste Disposal 
 An initial list of landfills that might be accepting oil and gas waste from Pennsylvania 
was compiled from information sourced from the FracTracker Alliance and Earthworks, two 
nonprofit environmental organizations, and compared to similar information collected by Kristen 
Locy and Justin Nobel at the independent news publication, Public Herald (PublicHerald.org). 
The information available from the FracTracker Alliance and Earthworks included estimates of 
the total barrels of liquid waste and tons of solid waste accepted by individual facilities between 
2011 and 2018 as well as facility permit numbers and locations, total oil and gas waste, and 
quantities of waste disposed of through non-landfill means. This initial dataset was used to 
identify 55 landfill sites in Ohio, Pennsylvania, West Virginia, and New York for which 
information on leachate disposal methods could be sought. 
 After a rough, initial list of landfills was compiled, more comprehensive data was sought 
through the Pennsylvania Department of Environmental Protection’s (PA DEP) Oil and Gas 
Well Waste Report. Reports for all conventional and unconventional oil and gas waste produced 
in Pennsylvania for January 2011 through March 2021 (the last month available as of June 2021) 
were downloaded. The total amount of liquid waste in barrels, solid waste in tons, and the 
amount of each type of waste disposed of in landfills was calculated for each year. Next, all 
landfills that accepted oil and gas waste from Pennsylvania in a given year were identified and 
the total amount of liquid and solid waste they accepted were individually calculated.  Finally, 
data for total waste of each produced, disposed of in landfills, and disposed of in each individual 
landfills was calculated for the entire time period and the percent of waste accepted by landfills 




3.2 Oil and Gas Production and Drilling Rates 
 Data on quantities of oil and gas produced by conventional and unconventional wells was 
compiled using the PA DEP Oil and Gas Production Reports. Reports for all oil and gas 
produced from January 2011 to March 2021 were accessed, and totals oil and gas by well type 
were calculated. Data was available for April 2021 but was excluded to match dates for waste 
reports. Reports for conventional oil are only uploaded once a year in December, so data for 
2021 only included production from unconventional wells from January to March.  
 Maps of permits issued and wells drilled were accessed for data on the number of 
conventional and unconventional wells drilled each year. Maps were not available after 2019 so 
this data ends before that of either the production or waste reports.  
3.3 Examination of Leachate Treatment and Effluent Discharge 
3.3.1. Identification of Onsite versus Offsite 
 After landfills accepting oil and gas waste were identified, NPDES permits were obtained 
and examined to determine which landfills were permitted to treat their effluent onsite and 
discharge the effluent. Each state issues their own NPDES discharge permits and maintains a 
database of those permits. Pennsylvania NPDES permit numbers were found through the PA 
DEP NPDES Permitted Facilities Report1, and the permits themselves were accessed through the 
Final Issued Individual NPDES Permit Documents Report2. Permit numbers and permits for 
New York were both found through the New York State Department of Environmental 
Conservation’s (NY DEC) NPDES dropbox3. Draft NPDES permits for New York were also 
 
1PA NPDES Permitted Facilities Report: 
http://cedatareporting.pa.gov/Reportserver/Pages/ReportViewer.aspx?/Public/DEP/CW/SSRS/WMS_Permit_Docs  
2 PA Final Issued NPDES Access: 
http://cedatareporting.pa.gov/Reportserver/Pages/ReportViewer.aspx?/Public/DEP/CW/SSRS/WMS_Permitted_Fac
ilities  




examined to see if a landfill had a permit pending approval or reapproval. The Ohio 
Environmental Protection Agency’s (Ohio EPA) Individual Wastewater Discharge Permit 
Information webpage was used to access permits and find permit numbers34. No website was 
found to look up NPDES permits for facilities in West Virginia. NPDES permit numbers, 
receiving waterways, and outfall points for treated leachate were recorded (outfalls used only for 
stormwater were excluded). Notes were made if a permit was expired but still in use. Because 
NPDES information for West Virginia was not available online and only a limited number of 
landfills in the state accepted oil and gas waste from Pennsylvania, further examination focused 
on New York, Pennsylvania, and Ohio,  
 Many landfills did not have NPDES permits on file, so information on how their leachate 
was handled had to be sought elsewhere. Annual reports on New York landfills were found to 
include information on where that landfill sent their leachate for treatment. These annual reports 
were found on the NY DEC’s website through a basic internet search and the most recent report 
available for each landfill was downloaded. WWTPs which landfills sent their leachate for final 
treatment were identified from these annual reports and the NY DEC NPDES dropbox was used 
to access the NPDES permits for those facilities.  
 OH EPA was contacted for information on how landfill leachate is handled in that state. 
The OH EPA Division of Surface Water pretreatment coordinator provided information on the 
state’s treatment requirements, indirect discharge permits, and annual operational reports. 
Following the pretreatment coordinator’s directions, the eDocument Search webpage was used to 
access annual reports for Ohio landfills. The annual reports for Ohio landfills identified all 
wastewater treatment facilities to which leachate had been sent during the year, the months 
 
3 OH Draft Permits: https://epa.ohio.gov/dsw/permits/individuals/draftperm  




leachate was sent to each facility, and volume sent. As was done with New York, the state’s 
NPDES system was used to look up the NPDES permits for WWTP accepting leachate from the 
landfills taking Pennsylvania oil and gas waste.  
 Like New York and Ohio, information was sought on how leachate was handled when 
not treated onsite by landfills in Pennsylvania. No site was found to access annual reports for 
Pennsylvania landfills online although a few individual reports were found. PA DEP was 
contacted for guidance on how to find information on leachate treatment. An environmental 
engineer manager with the PA DEP Bureau of Waste Management provided the contact 
information for environmental engineering managers for each of the PA DEP regional offices. 
These environmental engineering managers for the North East Regional Office (NERO), North 
Central Regional Office (NCRO), and South Central Regional Office (SCRO) were all able to 
provide the information while the manager from the North West Regional Office (NSRO) was 
able to provide some information and provided contact information for the region’s 
environmental engineering manager permitting chief, who was able to provide further details. 
 The environmental engineering manager for the South West Regional Office (SWRO) 
would not provide the requested information but suggested requesting an Informal File Review 
or completing a Right to Know Request. When information was not provided or not available, 
landfill managers were contacted directly with contact information found on the DEP’s website 
listing municipal landfills or found online. All landfills were contacted at least twice and in many 
instances landfill personnel or managers were able to provide information on how leachate was 
treated onsite and where it was sent offsite for further treatment. A file review request was filed 
with the SWRO on March 30, 2021 for landfills in the southwest region which had not 




confirm the request was received, but no information has been provided at this time. As was 
done for New York and Ohio, NPDES permits were assessed for WWTP handling leachate for 
Pennsylvania landfills accepting oil and gas waste.  
3.3.2 Identification of Potentially Impacted Waterways 
  Once NPDES permits were acquired for landfills and WWTPs treating landfill leachate 
from landfills accepting Pennsylvania oil and gas waste, outfall coordinates were recorded and 
waterways receiving the discharge were identified. Coordinates for outfalls were checked using 
Google Maps and the longitude updated to fall in the correct hemisphere if required (many 
permits listed positive longitudinal values and landed in Eurasia before correction). Some 
coordinates listed on the NPDES permits did not land in the listed waterway but on the treatment 
facility site or other areas of land. In these instances, a note was made on the datasheet that the 
coordinate was incorrect. Waterways were identified by the name listed on the permit or Google 
Maps if a specific name was not given on the permit but was available online. Some outfalls 
discharged into small, unnamed tributaries - if these were not given an individual name on the 
permit or Google Maps, they were referred to by the name listed on the permit, such as 
“unnamed tributary of Little Bushkill Creek.” 
3.4 Sampling 
3.4.1 Sample Sources 
3.4.1.1 Reference Samples 
 Samples were taken from a CWT, WWTP treating leachate from a landfill accepting oil 
and gas waste, and two landfills to provide potential baseline data on water chemistry subject to 
treated oil and gas waste and leachate chemical composition. The Belle Vernon Municipal 




result of treating leachate from a landfill taking oil and gas waste. Samples were taken 
downstream of the facility during the time it treated the leachate and after the practice ended to 
enable comparisons of the water chemistry. Similarly, samples were taken upstream and 
downstream of a CWT handling oil and gas waste so the waterways baseline water chemistry 
could be compared against the water chemistry downstream of the outfall. Finally, leachate 
samples from two landfills were taken. Inquiries were made about sampling leachate whenever 
landfills were contacted, but no others were open to sampling. Misc 106 came from the 
Westmoreland Waste LLC Sanitary Landfill, which has taken 125,826 tons of solid and 3,828 
barrels of liquid oil and gas waste between January 2011 and March 2021. Because of limitations 
on access to the landfill, this sample was not taken by lab personnel, but by G. Kruppa, the Belle 
Vernon Municipal Authority superintendent who promptly supplied the sample the Stolz lab. All 
standard sampling procedures were followed. An additional sample of leachate from a West 
Virginia landfill that ceased operation in 1996 were taken for comparison (Appendix O).  
3.4.1.1 Sample Location for Outfalls 
 Potential sample locations were prioritized by proximity and the volume of oil and gas 
waste the landfill had accepted between January 2011 and March 2021. All sites, either landfills 
or the WWTP handling their leachate, within a 1.5-hour drive where onsite or offsite treatment 
was confirmed were sampled. Sites further than a 1.5-hour drive away were prioritized based on 
the quantity of waste (liquid, solid, or both) accepted by the relevant landfill. For each site, 
sample locations were selected upstream and downstream of the outfall. Google Maps was used 
to scout sample locations, and sites were selected based on proximity to the outfall, accessibility, 
and public access (samples were not taken on private property). When outfalls were believed to 




when another was much closer, or fell in the middle of the landfill itself, sample locations were 
selected upstream and downstream of likely outfall locations. For example, samples were taken 
upstream and downstream of the outfall location identified on a NPDES permit as well as from 
the much closer creek, located right behind the landfill (Figure 3.1). Similarly, samples were 
taken upstream and downstream on a creek next to a landfill with a NPDES permit where the 
coordinates showed the outfall in the middle of the landfill.  
 
Figure 3.1. Location of the Chemung County Landfill and outfalls for the Chemung County Sewer 
District-Lake Street (north) and Chemung County Elmira Sewer District- Milton Street (south). Samples 
were taken upstream of both outfalls on the Chemung River (1788), upstream of the Lake Street location 
outfall (1786), downstream of the Lake Street outfall (1787), and downstream of both outfalls (1785). 
This range of locations was intended to provide a more complete picture of the river’s chemistry and the 
potential impacts of the outfalls and the leachate the WWTPs treated.  
 
3.4.2 Sample Collection 
Both Water samples and soil samples were collected at most sample sites. Water samples 
for anion analysis were collected in a sterile 1 L French square bottle (VWR International, 




nitric acid (10 M HNO3) was used for samples for cation analysis. Pairs of 40 mL amber vials 
with screw on caps containing a teflon-lined silicon septum were used to collect water samples 
for hydrocarbon analysis. Soil samples were taken where possible; in some instances soil 
samples could not be taken because of the slope of the riverbank or because the creek bed was 
too rocky. These samples were taken using a soil shovel or small hand trowel (this was only done 
for a sample sites in New York) and stored in a sealed gallon bag contained within another 
sealed gallon bag (this was done to prevent leaking and cross contamination between samples). 
Both water samples and soil samples were stored in coolers with ice packs while in the field, 
then stored in refrigerators kept at 4˚C in the lab. 
3.5 Chemical Analysis of Water Samples  
3.5.1 Physiochemical Properties 
An initial physicochemical analysis was performed on the water samples at the sample 
site. A YSI Professional Plus handheld multimeter with Quatro cable was used to measure pH, 
temperature (°C), dissolved oxygen (DO% and DO mg/L), conductivity (μS), specific 
conductivity (μS/cm), and pressure (mmHg).  The sensor was left in the water for two to five 
minutes and the dissolved oxygen level allowed to stabilize as much as possible before results 
were recorded. To find TDS, the specific conductivity measurement was multiplied by 0.65.  The 
YSI multimeter was calibrated every two weeks or after twenty samples were collected in 
compliance with quality assurance and quality control practices. Sample coordinates were taken 
using Garmin GPSmap 62s (Olathe, KS).  
 
 





Analysis of the anions bromide (Br), fluoride (F), chloride (Cl), nitrate (NO3), nitrite 
(NO2), phosphate (PO4), and sulfate (SO4) was carried out using Ion Chromatography (IC). Prior 
to testing, suspended solids were removed by filtering through a 0.45 μm PES filter (VWR 
International, Bridgeport, NJ) and a Dionex OnGuard II M filter (Dionex, Sunyvale, CA, USA). 
5 mL Dioxin polyvials were then filled with 3 mL of the filtered sample and capped. A Dionex 
ICS-1100 Ion Chromatography System (Sunnyvale, CA) equipped with a UV/VIS detector and 
conductivity cell was employed for testing. Anions were separated using a Dionex IonPac AS221 
Carbonate Eluent Anion-Exchange Column (2 X 250, 6.5 μm particle diameter) and a Dionex 
IonPac AG22 Guard Column (2 X 50mm) in conjunction with a Dionex ASRS-200 anion self-
regenerating suppressor. A Thermo Scientific Dionex Chromeleon 7 Chromatography Data 
System was used for anion collection, instrument control, and data processing. Five-point 
calibrations were done to ensure consistency. IC testing was performed in the Stolz Lab at 
Duquesne University in accordance with EPA Method 300.0. Minimum detection limits for this 
ion chromatography system are shown in Table 3.1. 
Table 3.1. Method detection limits for target anions (Cantlay et al., 2020-c). 
Anion Minimum Detection Limit (mg/L) 
Fluoride (F) 0.035 
Chloride (Cl) 0.01 
Nitrite (NO2) 0.02 
Bromide (Br) 0.05 
Nitrate (NO3) 0.045 
Phosphate (PO4) 0.05 
Sulfate (SO4) 0.05 
3.5.2.2 Cations 
Cation analysis was performed through Inductively Coupled Plasma Mass Spectrometry 
(ICP-MS) using a Perkin-Elmer NexION 300x ICP-MS (Walthan, MA) system in conjunction 




analysis, 1 mL samples were filtered with a 0.45 μm PES filter (VWR, Bridgeport, NJ) and then 
diluted with 2% sub-boil distilled HNO3. Internal standards for beryllium, germanium, and 
thallium were added to the samples to confirm the consistency of measurements. Before and 
after the analysis of batches of samples, five-point calibration with standards and blanks 
containing the internal standards were run. Additionally, every seventh sample was run twice to 
check for instrument drift. IC-PMS analysis was performed in the Bain Lab at University of 
Pittsburgh. Target cations and minimum detection limits are show in the Table 3.2.  
Table 3.2 Minimum detection limits for the 32 cations analyzed with the ICP-MS system (Cantlay et al., 
2020-a). 
Cation Minimum Detection Limit (ppb) 
Lithium (Li) 0.088 
Boron (B) 2.533 
Sodium (Na) 0.527 
Magnesium (Mg) 3.504 
Aluminum (Al) 2.571 
Silicon (Si) 29.5 
Phosphorus (P) 2.098 
Potassium (K) 2.051 
Calcium (Ca) 2.464 
Titanium (Ti) 0.171 
Vanadium (V) 2.182 
Chromium (Cr) 0.097 
Manganese (Mn 0.897 
Iron (Fe) 1.509 
Cobalt (Co) 0.133 
Nickel (Ni) 0.140 
Copper (Cu) 2.272 
Zinc (Zn) 1.202 
Arsenic (As) 0.239 
Selenium (Se) 0.566 
Rubidium (Rb) 0.002 
Strontium (Sr) 0.100 
Molybdenum (Mo) 0.096 
Silver (Ag) 7.996 
Cadmium (Cd) 0.021 
Tin (Sn) 0.243 
Antimony (Sb) 0.024 
Barium (Ba) 0.521 
Tungsten (W) 0.004 




Uranium (U) 0.030 
Lead (Pb) 0.028 
 
3.5.2.1 Light Hydrocarbons 
Analysis for the light hydrocarbons, methane, ethane, ethene, and propane, was done 
using Gas Chromatography and Flame Ionization Detection. This analysis was completed at the 
Stolz Lab using the Shimadzu Nexis GC-2030 AF with LabSolutions software (Columbia, MD, 
USA) following a modified version of the PA DEP’s procedure 9243. Table 3.3 displays the 
target analytes and minimum detection.   










3.6 Surface Water Standards  
 Once analysis for physiochemical properties, anion, cation, and light hydrocarbons were 
completed, water samples were compared to applicable water quality standards for each state. 
Surface water quality standards for Pennsylvania were sourced from 25 Pa. Code 93.7, standards 
from Ohio were found in OAC Chapter 3745-, and standards for New York were listed under 6 
CRR-NY 703.3 and 6 CRR-NY 703.5. Applicability of standards was determined based on the 
waterways use designation according to the state and criteria tested for as part of this analysis.  
Table 3.4.  Applicable Pennsylvania surface water quality standards. Temperature standards are listed for 
the time periods when water sampling was performed. CWF= Cold Water Fishery, WWF= Warm Water 
Fishery, TSF=Trout Stocking, MF= Migratory Fish, PWS= Potable Water Supply. 
 
Physical and Chemical Standards 
Parameter Criteria Water Use Category 
pH 6-9 All 
Chloride 250 mg/l CWF 




CWF minimum 8 mg/l    
WWF minimum 5 mg/l (5.5)   
      TSF minimum 5 mg/l   
Iron 0.3 mg/l 
CWF, WWF, TSF, 
MF 
TDS 
500 mg/l monthly average, maximum 750 
mg/l  PWS, CWF 
Nitrate & Nitrite 10 mg/l PWS 
Fluoride 2.0 mg/l PWS 
Sulfate 250 mg/l PWS 
Temperature Standards 
 CWF WWF TSF 
 ℉ ℃ ℉ ℃ ℉ ℃ 
April 1-15 48 8.9 52 11.1 52 11.1 
April 16-30 52 11.1 58 14.4 58 14.4 
May 1-15 54 12.2 64 17.8 64 17.8 
 
Standards for Pennsylvania, shown above in Table 3.4, are set by protected water use 
category and apply to all waterways in the state designated under that use category. In Ohio, the 
Ohio River has its own set of categories shown in Table 3.5. For the rest of the state, most 
standards are set based on whether a waterway is part of the Lake Erie or Ohio River drainage 
basin, then by use, such as water that may be treated for human consumption versus for 
agriculture, and finally by proximity to treatment discharges called mixing zones. Many river 
systems also have their own water temperature standards, applicable temperature standards for 
river systems tested are shown in Table 3.6.  
Table 3.5. Applicable water quality standards for the Ohio River within Ohio. Temperature standards are 
listed for the time periods when water sampling was performed. 
Ohio River Water Quality Standards  
DO 5 mg/l   
Temp 
  ℉ ℃ 
October 78.3 25.7 
Human Health 
  at water intake  Elsewhere 
TDS  500 (750) mg/L   
Fluoride  1 mg/L 1 mg/L 
Iron  0.3 mg/L   
Nitrate & Nitrite  10 mg/L 10 mg/L 
Nitrite  1 mg/L 1 mg/L 




Sulfate  250 mg/L   
Zinc  7.4 mg/L 7.4 mg/L 
 
Table 3.6. Applicable water quality standards for surface water in Ohio.  
General Ohio Surface Water Standards  
Standards for Human Health (Public Water Source) 
  
 Ohio River Basin Lake Erie Basin 
Chloride (T) 250 mg/L 250 mg/L 
TDS (T) 750/500 mg/L 750/500 mg/L 
Flouride (T) 1 mg/L 4 mg/L 
Iron (S) 0.3 mg/L 0.3 mg/L 
Nitrate & Nitrite 
(T) 10 mg/L 10 mg/L 
Nitrite (T) 1 mg/L 1 mg/L 
Sulfate (T) 250 mg/L 250 mg/L 
Zinc (T) 7.4 mg/L   
Standards for Agricultural Use 
Fluoride (T) 2 mg/L   
Nitrate & Nitrite 
(T) 100 mg/L 
  
  
Standards for Human Consumption of Fish  
Zinc 26 mg/l   
Standards for Aquatic Life 
  Inside Mixing Zone Outside Mixing Zone Maximum 
Arsenic 0.68 mg/L 0.34 mg/L 
DO WWH 4 mg/L   
DO EWH 5 mg/L   
DO MWH 3 mg/L   
DO CWH 6 mg/L   
DO LRW 2 mg/L   
pH 6.5-9   
Ohio Surface Water Temperature Standards 
Daily Maximum for April 1-15 ℉ ℃ 
General Ohio River Basin Standards 65 18.3 
Mahoning River Standards 65 18.3 
Erie Basin Standards 61 16.1 
Cuyahoga River Standards* 62 16.7 
*Only 1.5 mg/l DO unless during Feb-May when WWH 
 
In New York, surface water standards for pH, dissolved oxygen, dissolved solids, odor, 
color and turbidity are universal. In contrast, like Ohio, standards for color, taste, odor, and toxic 
and deleterious substances are set based on use (Table 3.7). New York also has standards for 




tested in this analysis, they are shown in Table 3.8 because the potential for radionuclide 
contamination from unconventional oil and gas wastes. These standards may be appropriate for 
later analyses. 
Table 3.7. Surface water standards for New York. HWS= Health (Water Source), AC= Aquatic 
(Chronic), AA= Aquatic (Acute), EWS= Aesthetic (Water Source) 
NY Surface Water Standards 
pH 6.5-8.5   
DO 4.0 mg/L   
TDS 500 mg/L   
NY Standards for Toxic and Deleterious Substance 
Human Health 
Substance mg/L Type 
Aluminum (ionic) 0.1 AC 
Antimony 0.003 HWS 
Arsenic 0.05 HWS 
Arsenic 0.05 HWS 
  0.15 AC 
  0.34 AA 
Barium 1 HWS 
Boron 10 AC 
Cadmium 0.005 HWS 
Chloride 250 HWS 
Cobalt 0.005 AC 
Copper 0.2 HWS 
Nitrate 10 HWS 
Nitrate & Nitrite 10 HWS 
Nitrite 1 HWS 
Selenium 0.01 HWS 
  0.0046 AC 
Silver 0.05 HWS 
  0.0001 AC 
Sulfate 25 HWS 
Aesthetic 
Iron 0.3 EWS 












Table 3.8. New York standards for Radium 226, Radium 228, and gross alpha and beta radiation. These 
criteria are not analyzed for in this study but are included for reference because oil and gas waste could 
contaminate waterways with them. HWS= Health (Water Source). 
New York Radionuclide and Radiation Standards  
Radium 226 3 picocuries/L HWS 
Radium 226 & 228 5 picocuries/L HWS 
Radium 228 5 picocuries/L HWS 
Gross Alpha 
Radiation 17 picocuries/L (excluding radon and uranium) HWS 
Gross Beta radiation  1,000 picocuries/L (excluding strontium-90 and alpha emitters) HWS 
3.7 Mass Ratio Analysis 
 Origin 2018 was used to create mass ratios for water samples (Northampton, MA). The 
mass ratios examined were bromide to sulfate versus magnesium to lithium, calcium to 
magnesium versus calcium to strontium, magnesium to sodium versus sulfate to chloride, and 
sulfate to chloride versus magnesium to lithium. Most samples did not contain detectable levels 
of bromide, so bromide to sulfate analysis was done only for samples that did. Ratios were used 
to detect similarities between samples and conventional and unconventional flowback water and 
produced water and mine drainage (Cantlay et al.,2020-b). Mass ratios for samples taken 
upstream and downstream were also compared.  
3.8 Soil Sample Analysis 
 Soil samples could not be analyzed in time for this thesis because of delays in equipment 
acquisition and delivery and personnel limitations exacerbated by the COVID-19 pandemic.   
3.9 Geospatial Analysis 
 Analysis of geospatial data was performed using ArcMap 10.3.1 (Esri, Redlands, CA). 
Landfills, wastewater treatment plants, and outfalls were mapped using ArcMap to better 
understand what watershed might be impacted.  Google Maps was used for sample location 







4.1 Oil and Gas Waste  
4.1.1 Amount and Rate of Waste Produced  
 Between January 2011 and March 2021, the conventional and unconventional oil and gas 
industries in Pennsylvania reported the production of 305,637,796 barrels of liquid waste and 
6,992,957 tons of solid waste. The production of liquid waste declined somewhat during this 
period from a high of 37,904,072 barrels in 2012 to a low of 18,753,601 barrels in 2018. 
Similarly, the amount of solid waste produced was highest in 2012 when 1,266,047.35 tons were 
produced and has since decreased. 2017 saw the lowest levels of solid waste production with        
232,416 tons and levels remained relatively low through 2020 (Table 4.1).  Unconventional oil 
and gas extraction has consistently created more waste than conventional oil and gas. Over the 
entire ten-year period 85.74% of the liquid waste and 99.4% of the solid waste has come from 
unconventional oil and gas extraction.  
Table 4.1. Total liquid (bbl) and solid (ton) oil and gas waste produced in Pennsylvania January 2011-
March 2021. The total amount of waste and amount of waste created by each extraction method are 
shown.  








2011 25,783,796 885,198 5,561,532 4,761 20,222,264 880,438 
2012 37,904,072 1,266,048 7,142,760 4,974 30,761,313 1,261,075 
2013 35,066,015 1,009,421 7,467,017 2,903 27,598,998 1,006,519 
2014 35,071,976 1,207,901 6,014,882 9,176 29,057,094 1,198,725 
2015 33,757,605 785,256 6,664,632 247 27,092,973 785,009 
2016 25,679,391 371,078 3,875,394 4,114 21,803,997 366,965 
2017 22,955,715 232,416 3,098,193 559 19,857,523 231,857 
2018 18,753,602 412,420 1,306,992 359 17,446,611 412,062 
2019 21,519,275 315,915 1,777,9734 15,126 19,741,302 300,790 
2020 25,577,089 294,235 676,377 19 24,900,712 294,217 
2021 23,569,267 213,075 0 0 23,569,267 213,075 





In contrast to the trend of declining waste production over the past decade, waste reports 
for the first three months of 2021 suggest increased amounts of waste will be produced this year. 
Conventional oil and gas waste is only reported at the end of the year. However, unconventional 
oil and gas waste reports are filed by month but only become publicly available a few months 
after a reporting period ends (i.e. as of June, waste data is available for the March reporting 
period, but not April). Consequently, estimates of 2021 oil and gas waste are based on 
unconventional waste for the first three months of the year and the average percentage of waste 
unconventional extraction has contributed to the total amount of waste produced in the last 5 
years (90.71% of liquid waste and 98.75% of solid waste). Based on the information available, 
the Pennsylvania oil and gas industries will produce approximately 103,936,000 barrels of liquid 
waste and 863,000 tons of solid waste in 2021. If accurate, the amount of liquid waste produced 
will be nearly 4.1 times higher than in 2020 and 4.8 times higher than in 2019. Similarly, the 
amount of solid waste produced will be 2.9 times higher than in 2020 and 2.7 times higher than 
in 2019. 
4.1.2 Comparison of Waste Production, Well Drilling, and Oil and Gas Production 
 Rates of oil and gas production by conventional and unconventional wells as well as the 
number of each type of well drilled were calculated to facilitate comparison among waste 
production, well production, and well drilling. Unconventional wells produced the majority of 
gas while conventional wells produced the majority of oil (Figure 4.1). Neither oil nor gas 
production correlated to rates of solid waste production. At the same time that gas production 
from unconventional wells was increasing between 2016 and 2019, rates of solid waste 
production declined. The increasing production is visible on Figure 4.1 while the decreased solid 




unconventional and overall number of wells drilled, although there are still discrepancies (Figure 
4.7 and Figure 4.2). Barrels of liquid waste similarly follow trends in number of wells as can be 
seen when Figures 4.2 and 4.3 are compared.  
 
 
Figure 4.1. Top: Gas production by conventional and unconventional wells in Pennsylvania. Bottom: Oil 
production by unconventional and conventional wells in Pennsylvania. Data for conventional wells ends 
in December 2020 as data on conventional well production is only made available at the end of each year 































Figure 4.2. Number of both conventional and unconventional wells drilled 2011 to 2019. This data was 
not available beyond 2019. More permits are issued than wells are drilled each year and this data only 
represents the number of wells drilled according to the PA DEP.  
 
 
Figure 4.3. Quantities of liquid waste produced between January 2011 and March 2021. 
 
4.1.3 Methods of Waste Disposal  
 While the quantities of solid and liquid waste produced has varied over the last ten years, 























































0.1% of liquid waste was sent to landfills. In contrast, during the same period, landfills handled 
89.11% of solid waste from the oil and gas industries.  
Despite the relatively small amount of liquid waste disposed of in landfills, the volume of 
waste is not evenly distributed across sites. The ten landfills that have accepted the greatest 
volume of liquid waste have taken 82.93% of the total liquid waste sent to landfills compared to 
17.61% handled by the remaining 25 landfills combined. The volume of waste these top ten sites 
have accepted is shown in Figure 4.4.  
 
Figure 4.4. The total volume of liquid waste (bbl) accepted by the ten landfills taking the largest amount 
of waste from January 2011-March 2021.  
 
Similarly, the ten landfills that have accepted the largest amount of solid waste have 
handled 67.9% of the solid waste sent to landfills compared to the 32.1% taken by the other 43 
landfills. The proportion of solid waste sent to landfills and distribution of that waste is shown in 
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Figure 4.5. The proportion of total solid waste sent to landfills and the proportion accepted by each of the 
top ten landfills as well as the other 43 (other landfills).  
 
 
Figure 4.6. Volume of solid waste accepted by each of the landfills taking the most solid waste.   
 
4.1.4 Changes in the Volume and Proportion of Waste Sent to Landfills  
Just as the volume of waste produced has varied over time, so has the amount of waste 
disposed of in landfills. Between 2011 and 2021, landfills have accepted between 0% and 0.3% 
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of liquid waste. Landfills accepted both the largest volume (101,463.97 bbl) and the highest 
proportion (0.3%) of this waste in 2012.This proportion of waste is too small to see well when 
graphed against the total amount of liquid waste produced.  Over the same period, landfills have 
accepted between 98.27% (2011) and 62.23% (2018) of all the solid waste produced. The 
quantity of solid waste produced, and solid waste disposed of in landfills is closely related, but 
not identical (Figure 4.7).  
  
Figure 4.7.  Quantity of solid waste produced by unconventional and conventional oil and gas extraction 
in Pennsylvania from January 2011 to March 2021. Most of the solid waste is disposed of in landfills; the 
amount of solid waste sent to landfills closely tracks the total volume of waste created.  
 
4.1.5 Oil and Gas Waste Disposal in Landfills by State 
 Between January 2011 and March 2021 solid and liquid oil and gas waste from 
Pennsylvania was sent to landfills in New York, New Jersey, Ohio, West Virginia, Michigan, 
Utah, and Idaho, as well as to landfills across Pennsylvania itself. Most of the waste sent to 
landfills has remained within the commonwealth, with Ohio taking the next largest proportion 
followed by New York then West Virginia (Figure 4.9). More liquid waste than solid waste is 
























landfills in Pennsylvania, 10 in Ohio, 5 in New York, and 5 in West Virginia accepted oil and 
gas Waste from Pennsylvania (all other states only had one site that ever accepted this waste).
 
Figure 4.8 Proportion of total liquid waste 
disposed in landfills by state. 
 
Figure 4.9 Proportion of total solid waste 
disposed of in landfills by state.
A map of landfills in Ohio, Pennsylvania, and New York with proportional circles representing 
the tons of solid waste they accepted between January 2011 and March 2021 is shown in Figure 
4.10. Both the largest number of landfills accepting oil and gas waste and those taking the 
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Figure 4.10. Map of landfills in Ohio, Michigan, West Virginia, Pennsylvania, New Jersey, and New York which accepted solid or liquid oil and 
gas waste between January 2011 and March 2021. Blue circles represent the total amount of solid waste in tons accepted in that time.  
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4.1.6 Consistency of Landfill Sites   
Although 54 landfills have accepted either liquid or solid oil and gas waste at some point 
between January 2011 and March 2021, not every site took both types of waste. Additionally. 
some sites no longer take oil and gas waste or only took that waste for one year. Of the 54 total 
sites, 35 accepted some volume of liquid waste and 51 took solid waste. On average, sites that 
took liquid waste only did so for 2.91 of the eleven years examined. In addition, four of the ten 
sites that took the largest volume of liquid waste only took that waste for three years and one of 
the top ten sites only accepted it for one year. In contrast, landfills that accepted solid oil and gas 
waste did so for an average of 5.42 years and all ten sites that accepted the largest amount of 
waste did so every year from 2011 and 2021. The difference in how consistently sites accepted 
either liquid or solid oil and gas waste is likely related to the much smaller amount of liquid 
waste sent to landfills. Factors affecting individual landfills like other waste streams, their 
leachate quality, and opinions of management or the local community may also impact whether  
a landfill chooses to accept oil and gas waste during a given year.
4.2 Landfills and Treatment of Leachate  
 Based on PA DEP oil and gas waste reports, between January 2011 and March 2021 oil 
and gas waste from Pennsylvania was sent to 57 landfills located in New York, New Jersey, 
Ohio, West Virginia, Michigan, Utah, Idaho, and Pennsylvania. Of those landfills, 48 were in 
New York, Pennsylvania, and Ohio (NY: 5, OH: 10, PA: 32). While another 5 landfills in West 
Virginia also accepted Pennsylvania oil and gas waste, sites in that state were excluded from this 




As described in the methods section, annual reports were used to determine where 
landfills in New York and Ohio sent their leachate for treatment. None of the landfills in New 
York that accepted PA oil and gas waste had their own NPDES permits for leachate, but all of 
them documented which WWTPs their leachate was sent to for treatment (Table 4.2). Similarly, 
with one exception, the Ohio landfills sent their leachate offsite for treatment. According to the 
OH EPA Division of Surface Water pretreatment coordinator, most landfills in Ohio send their 
leachate to WWTPs. Many of these landfills, even those with indirect discharge permits and 
direct connections to WWTPs, truck their leachate to different locations based on the cost of 
sending leachate to each site. As a result, each landfill’s most recent annual report was examined 
to determine which WWTP they used during the prior year. Although these facilities can use 
different WWTPs year to year, the information is only available on an annual basis (reports are 
due in March, but annual reports for 2020 were not available for most sites), so it was assumed 
that the WWTPs a landfill used in the past were likely to be used again in the future (Table 4.2). 
There is no centralized online system for looking up annual reports or landfill permits in 
Pennsylvania, so DEP personnel and landfills were contacted directly for information on leachate 
treatment. The SWRO environmental engineer manager did not provide information on the 
leachate management of landfills in the Southwest region. Consequently, after each landfill was 
called twice, an informal file review was requested for annual reports and landfill permits for the 
nine remaining landfills in the Southwest region for which no information on leachate treatment 
had been collected. Of the twenty landfills in Pennsylvania for which information on leachate 
treatment was available, fourteen used onsite treatment according to their NPDES permits, while 
eight others sent leachates offsite to a WWTP according to regional DEP environmental engineer 




approaches- onsite treatment was suspended while equipment was updated and, although 
equipment has been repaired, offsite treatment is still used sometimes depending on the volume 
of leachate produced. Information on each landfill’s leachate treatment method is shown in Table 
4.2.  
Table 4.2. List of landfills in Pennsylvania, Ohio, and New York accepting oil and gas waste. Whether 
leachate treatment is performed onsite or offsite, how this information was acquired, and if treatment is 
done offsite, what wastewater treatment plant handles and discharges the leachate is shown.  
Facility Treatment Information Source WWTP 
PA 
Advanced Disposal Service 
Chestnut Valley Landfill Onsite NPDES Permit  
Advanced Disposal Services 
Greentree Landfill Onsite NPDES Permit  
Alliance Landfill Offsite 
Call to Facility 
(Community Relations 
Coordinator) 
Lower Lackawanna Valley 
Sanitary Authority  
Bradford County Landfill #2 Offsite 
DEP Regional 
Environmental 
Engineering Manager Bradford County Manor 
Commonwealth Environmental 
Systems Landfill Onsite Call to Facility, NPDES  
Cumberland County Landfill 
Onsite & 
Offsite 
NPES Permit, DEP 
Regional Environmental 
Engineering Manager, 
Call Facility, Email 
treatment Plant Manager 
Harrisburg Advanced Water 
Treatment Facility- Capital Region 
Water; Altoona Water Authority-
Altoona Westerly Sewage 
Treatment Plant (used if onsite 
facility requires repair or the 
volume of leachate is to high) 
Evergreen Landfill Offsite     




Pennsylvania American Water 
Company Scranton WWTP  




Engineering Manager Erie Waste Water Treatment Plant 
Max Env Tech Inc Yukon 
Facility Landfill Onsite Call to Facility  
Max Environmental 
Technologies Inc Bulger 
Facility Onsite NPDES Permit  
Mckean County Landfill Onsite NPDES Permit  
Modern Landfill Onsite NPDES Permit  
Northwest Sanitary Landfill Onsite NPDES Permit  
Phoenix Resources Landfill Onsite NPDES Permit  
Seneca Landfill (Aka Vogel 
Landfill) Onsite NPDES Permit  




Southern Alleghenies Landfill 
(Called Gfl Environmental 
Online) Onsite NPDES Permit  
Valley Landfill Offsite Call to Facility 
Brush Creek Sewage Treatment 
Plant 




Pine Creek Municipal Authority 
Sewage Treatment Plant 
White Pines Landfill  Offsite 
 DEP Regional 
Environmental 
Engineering Manager Millville Municipal Authority 
PA-SW Region- File Request Submitted March 30, 2021 
PA Landfills accepting Oil and Gas Waste but leachate treatment unknown: Arden Landfill, Imperial Landfill, 
Kelley Run Landfill, Laurel Highlands Landfill, Monroeville Landfill, Mostoller Landfill, South Hills Landfill, 
Westmoreland Waste LLC Sanitary Landfill 
OH 
American Landfill, Inc 
Offsite Annual Report 
Canton Water Reclamation 
Facility; Alliance Wastewater 
Treatment Plant; City of Akron 
Water Reclamation Facility 
Apex Sanitary Landfill 
Offsite Annual Report 
City of Alliance Wastewater 
Treatment Plant; Quasar Energy 
Group, LLC, Bellaire Wastewater 
Treatment Plant; Passaic Valley 
Sewerage Commission; Seneca 
Landfill 
Carbon Limestone Landfill  Offsite Annual Report 
Lowellville Waste Water 
Treatment Plant 
Heritage Thermal Services    
Kimble Sanitary Landfill Offsite Annual Report 
Dover Wastewater Treatment 
Plant 
Mahoning Landfill, Inc.- Waste 
Management Onsite NPDES, Annual Report 
Beaver Falls Sewage Treatment 
Plant (PA) 
Soil Remediation Inc. (SRI)    
Suburban Rdf Landfill Offsite Annual Report 
City of Alliance Department of 
Wastewater Treatment 
Tunnell Hill Reclamation 
Landfill Offsite Annual Report 
City of Lancaster WWTP, Quasar 
Energy Group, LLC-Zanesville 
Energy 
Vienna Junction Landfill    
NY 
Chemung County Landfill Offsite 
Annual Report, Call to 
Facility (Market Area 
Landfill Manager) 
 Chemung County Elmira Sewer 
District (Milton St) & Chemung 
County Sewer District No. 1 (Lake 
St) 
Hakes C&D Landfill Offsite 
Annual Report, Call to 
Facility (Market Area 
Landfill Manager) 
 Village of Bath Wastewater 
Treatment Plant  
Hyland Facility Association Onsite Annual Report 
Jamestown Wastewater Treatment 
Plant 
Seneca Meadows Landfill Offsite Annual Report 
Town of Seneca Falls Wastewater 
Treatment Plant  
Allied Waste Systems Offsite Annual Report 





4.3 Geospatial Analysis  
 The address of landfills listed on the NY DEC list of active municipal solid waste 
landfills, PA DEP municipal waste landfill and resource recovery facility webpage, and annual 
reports for Ohio landfills were first confirmed through an internet search and then used to map 
the locations of landfills that accepted Pennsylvania oil and gas waste. Outfall locations for 
either landfills or the WWTP treating landfill leachate were mapped based on the coordinates 
listed on the NPDES permits (Figure 4.11). 
 
Figure 4.11. Location of landfills in Ohio, Pennsylvania, and New York that accepted PA oil and gas 
waste between January 2011 and March 2021. Outfalls for either landfills or WWTPs treating leachate 
from these landfills were identified and marked based on whether they were sampled.  
 
4.4 Chemical Analysis of Water Samples  
4.4.1 Light Hydrocarbons  
 Analysis of light hydrocarbons with Gas Chromatography and Flame Ionization 




propane may have been present in 3 samples, but levels were below detection limits and 
unquantifiable.  Methane was found in 24 of 44 samples tested (MS 327 and MS 1777 were not 
analyzed for hydrocarbons). The largest volume of methane was measured in MS 1581, a 
reference sample of landfill leachate; 399 ppb was detected. In all sets with at least an upstream 
and downstream sample available, methane was present at similar levels upstream and 
downstream. In the majority of samples variation was within 5 to 20 ppb, although a maximum 
variation of 100 ppb was observed between a point below one outfall and a point below two 
outfalls on the Chemung River. Neither downstream nor upstream samples consistently had 
higher levels of methane across sets of sites. Complete results for hydrocarbon analysis can be 
found in Appendix H.  
4.4.1 Anions, Cation, and Physical Chemical Characteristics Compared Surface Water 
Standards 
 Water samples analyzed for physiochemical characteristics, anions and cations were 
compared to applicable state standards for New York, Ohio, and Pennsylvania (Tables 4.3,4.4, 
4.5).  Out of 27 samples from Pennsylvania, 22 exceeded the water quality standard for iron. 
Similarly, all New York samples exceeded iron standards as did 6 out of 13 samples from Ohio. 
Although they did not exceed an applicable standard, many samples for Pennsylvania also had 
elevated levels of sulfate compared to stricter standards used for other waterways in the state. 
Additionally, 15 of the 27 Pennsylvania samples exceeded temperature standards. Samples from 
all three states exceeded applicable standards for iron. However, samples from New York only 
exceeded standards in 2 additional categories and samples from Ohio only exceeded in 1 





Table 4.3. Results for all water samples (excluding reference samples) taken in Pennsylvania. Values highlighted in red exceeded applicable 
standards based on the waterways use category. Values marked in orange exceeded standards that do not apply based on use category but are noted 
for reference. Samples taken upstream and downstream of the same facility are demarcated by color. Downstream sample numbers are bold with 






















(mg/L) Fe (mg/L) 
MS1743 WWF 9.3 14.72 8.46 358.09 0.1 21.9 bdl 1.84 145.7 0.48 
MS1744 WWF 11.9 13.96 8.35 495.95 0.08 94.2 bdl 9.95 119.1 1 
MS1745   12 12.52 8.24 492.05 0.1 89.7 bdl 8.46 124.6 1.15 
MS1746 TSF, PWS  13.1 11.97 7.94 722.15 0.08 161.4 bdl 16.72 187.8 7.55 
MS1747   13.4 13.04 7.74 717.6 0.11 157.8 bdl 3.69 200.8 16.38 
MS1748 CWF  18.1 9.88 8.48 201.44 0.09 13.6 bdl 1.3 88.2 0.5 
MS 1749   16.5 10.58 8.15 105.63 0.08 8.4 bdl 1.55 37.3 0.38 
MS1750 HQ-WWF 15.1 13.76 8.73 311.16 0.1 83.5 bdl 5.09 38.7 0.58 
MS1751  *outfall 14.7 9.87 7.78 1151.15 0.11 110.4 bdl 0.27 518.3 1.42 
MS1766 WWF 14.8 10.62 8.97 355.29 0.14 69.8 bdl 4.4 56 0.89 
MS1767   14.2 10.06 8.58 347.49 0.13 69.4 bdl 4.5 57 0.72 
MS1769 WWF 15.4 7.46 7.79 567.45 0.13 15.1 bdl 0.5 302.7 6.29 
MS1770 WWF 15.6 8.17 7.69 802.75 0.16 199.3 bdl 6.6 304.1 1.58 
MS1771   16.3 6.02 7.62 832 0.26 185.4 bdl 12.3 353.7 1.7 
MS1772 WWF, MF 10.8 10.8 7.99 80.93 0.07 6.7 bdl 2 23 0.3 
MS1773   10.8 10.59 8.69 80.99 0.07 5.9 bdl 2.4 23 0.73 
MS1774 
HQ-CWF, 
MF 10.1 10.75 8.07 40.24 0.06 4.4 bdl 4 6.1 0.14 
MS1775 *outfall 13.2 9.49 7.83 169.65 0.06 57.2 bdl 16.2 7.7 0.15 
MS1776   10.8 11.15 7.74 42.9 0.07 6.7 bdl 4.8 7.1 0.12 
MS1777 
CWF, HQ-
CWF, MF 12.4 10.14 7.92 122.2 0.08 30 bdl 1.2 24.3 0.39 
MS1778 CWF, MF 9.7 11.79 4.93 419.38 0.07 9.8 bdl 1 434.8 3.59 
MS1779   10 7.22 3.22 575.25 0.07 6.2 bdl 0.7 588.3 6.44 
MS1780 *Nearer outfall 15.1 6.01 6.29 214.63 0.09 35.4 bdl 2.2 20.6 1 
MS1781  CWF 9.8 7.34 6.87 26.13 0.07 2.9 bdl 1.5 6.5 0.13 
MS1782 CWF 10.1 8.81 6.78 341.38 0.12 11 bdl 1.7 327.8 1.28 
MS1783  10.3 8.81 6.58 433.94 0.12 53.7 bdl 38.7 316.4 1.23 






Table 4.4. Results for Ohio water samples. Values highlighted in red exceeded applicable standards based on the waterways use category. 
Samples taken upstream and downstream of the same facility are demarcated by color. Downstream sample numbers are bold with green font.  
Limited use means the waterway is primarily used for transportation and industrial use and water standards are set lower. This is the case for the 
Cuyahoga with exceptions during the spring for fish movement. TDS refers to total dissolved solids. Ind=industrial use, Ag=agricultural use  
 
  ℃ Mg/L  Mg/L 
Sample # Use Categories Temp DO pH TDS Fluoride Nitrite Nitrate Sulfate Fe Zn As Ag 
MS1648 
warm water, 
public water, ag, 
ind, primary 
contact 21.3 7.27 8.61 243.62 0.09 0.3 4.43 86.4 0.05 0.008 0.001 bdl 





water, ag, ind, 
primary   14.4 9.56 8.93 403.52 0.1 bdl 5.5 60.6 0.64 0.013 0.004 0.0004 
MS1753   14.4 9.37 8.27 406.45 0.1 bdl 4.8 58 0.98 0.021 0.005 0.0003 
MS1754 
Warm Water, 
public water, ag, 
ind  137 9.63 7.91 835.9 0.3 bdl 5.6 96.9 0.73 0.027 0.006 0.0003 
MS1755  *outfall 14.8 9.44 7.7 1151.8 0.3 bdl 7.8 114.1 0.65 0.034 0.008 0.0002 
MS1756   13.1 9.52 7.97 602.55 0.2 bdl 3 65.5 0.75 0.014 0.005 bdl 
MS1757 
limited use& fish 
passage (WWH), 
ind water, primary 
contact 15.4 7.21 8.11 412 0.1 bdl 2.4 31 0.6 0.005 0.005 
<0.000
1 
MS1758   15.6 6.32 8.01 410.8 0.1 bdl 2.1 29.7 0.67 0.005 0.004 0.0001 
MS1759 WWH, public 14.6 5.37 7.85 375.57 0.1 bdl 2.9 34.5 1.01 0.006 0.004 bdl 
MS1760   17.1 4.8 7.9 376.61 0.2 bdl 4.6 70.6 0.92 0.006 0.004 0.0001 
MS1761 
Warm Water, 
public, ag, ind, 
primary contact 16 4.95 7.97 325.91 0.2 bdl 3.7 66.2 0.49 0.008 0.003 bdl 







Table 4.5. Results for New York samples. All samples are from the Chemung River as shown in Figure 3.1. Samples taken downstream of outfalls 
are in green font. Values highlighted in red exceeded applicable standards based on the waterways use category. TDS refers to total dissolved 
solids. 
 
Sample # ℃ mg/L  mg/L 
 
 Temp DO  pH TDS  Nitrite Nitrate Sulfate Al Sb As Ba 
MS1785 20.7 7.82 9.47 256.43 bdl 1.79 14.8 0.088 0.0006 0.004 0.09 
MS1786 17.5 8.07 8.21 433.55 bdl 2.05 15.8 0.021 0.0014 0.003 0.12 
MS1787 21.3 7.9 8.27 287.04 bdl 4.3 16.96 0.041 0.0011 0.003 0.09 
MS1788 21.7 6.28 8.33 215.93 bdl 2.11 13.04 0.121 0.0009 0.003 0.07 
Sample # mg/L 
 B Cd Chloride Co Cu Fe Pb Mg Mn Se Ag 
MS1785 0.032 0.0004 56.77 0.0009 0.005 0.86 0.0019 9.77 0.74 0.003 bdl 
MS1786 0.028 0.0003 111.62 0.0004 0.004 0.7 0.0006 14.77 0.07 0.002 bdl 
MS1787 0.034 0.0003 80.44 0.0005 0.006 0.57 0.0005 11.63 0.09 0.003 bdl 





     
4.5 Mass Ratios  
 Mass ratios for Mg/Li vs Br/SO4, Ca/Sr vs Ca/Mg, SO4/Cl vs Mg/Na, and Mg/Li vs 
SO4/Cl were calculated and graphed in Origin for each water sample. These results were 
compared to known geochemical ratios for mine drainage (MD), conventional oil, conventional 
gas, and unconventional gas to determine if water samples showed signs of impacts of one or 
more of these factors (Cantlay et al, 2020-a; Cantlay et al, 2020-b; Cantlay et al, 2020-c). When 
examined together, the water samples show a range of characteristics, with most exhibiting the 
characteristic mass ratios for mine drainage, especially on the Ca/Sr vs Ca/Mg graph, while a 
small number suggest they have been impacted by conventional oil and gas (Figure 4.12). 
Samples were compared in sets (upstream and downstream) to determine if water quality was 
impacted by leachate or effluent discharge. A full list of samples and mass ratios can be found in 






   





4.5.1 Results of Reference Samples 
 Samples were taken upstream (MS 327) and downstream (MS 328) of an oil and gas 
brine treatment facility to establish a baseline for water impacted by brine effluent. Only the 
downstream and leachate samples included bromide and its Mg/Li vs Br/SO4 ratio fell within the 
range of mass ratios related to conventional oil. Both SO4/Cl vs Mg/Na and Ca/Sr vs Ca/Mg 
suggested the downstream sample (MS 328) received contributions from conventional oil like 
sources. According to all the geochemical ratios, the upstream sample most closely resembled 
mine drainage, but was not definitively impacted.  
  Further samples were taken downstream of the Bell Vernon Municipal Authority WWTP 
while it treated the leachate (MS 1339) and after the practice ended (MS 1401) and the chemical 
compositions compared. MS 1339 contained detectable levels of bromide while MS 1401 did 
not. SO4/Cl vs Mg/Na, Ca/Sr vs Ca/Mg, and Mg/Li vs SO4/Cl all showed the mass ratios for MS 
1339 were closer to the range of oil and gas like sources than MS 1401. However, the Mg/Li vs 
Br/SO4 ratios of MS 1339 were not within established ranges for oil and gas or mine drainage 
like sources.  
Leachate samples from the Westmoreland Waste LLC Sanitary Landfill (Misc 106) and a 
closed West Virginia landfill (MS 1581) were compared. The plots of Mg/Li vs Br/SO4 and 
Mg/Li vs SO4/Cl both suggested conventional oil sources dominated the leachates. However, on 
the SO4/Cl vs Mg/Na plot, MS 1581 fell outside of the fields for oil and gas brines and mine 
drainage while Misc 106 fell near but not within the range of conventional oil and gas sources. 
Additionally, the Ca/Sr vs Ca/Mg plot suggests both leachate samples resembled mine drainage. 
A sample of treated leachate directly from an outfall (MS 1751) also resembled mine drainage 




have a similar chemical composition to mine drainage in certain situations. The Westmoreland 
Waste LLC Sanitary Landfill is known to have accepted oil and gas waste and the Mg/Li vs 
Br/SO4 and Mg/Li vs SO4/Cl results suggest it may have impacted the leachate’s composition. 
The similarities between Misc 106 and MS 1581, as well as the Mg/Li vs Br/SO4 and Mg/Li vs 
SO4/Cl plots, could suggest that the West Virginia landfill accepted oil and gas waste when it 
was operational and that is now impacting the leachate composition. However, the differences in 
SO4/Cl vs Mg/Na do not support that conclusion. Further, leachate composition can vary with 
seasonal conditions, precipitation, and the age of a landfill potentially limiting comparisons 







     
 
Figure 4.13. Geochemical ratios for MS 327, 328, 1339, 1401, 1581, and Misc 106. A- Mg/Li vs Br/SO4, 
B- Ca/Sr vs Ca/Mg, C- SO4/Cl vs Mg/Na, D- Mg/Li vs SO4/Cl 
 
4.5.2 Mine Drainage  
 Mass ratios for the Ohio and Pennsylvania samples, showed nearly all samples (only 
excluding MS numbers 1754, 1755, 1756) had some impact from mine drainage. Pennsylvania 
and eastern Ohio have long histories of extensive mineral extraction and many waterways in both 
states are impacted by mine drainage, so it is likely that many of the waterways tested are 
impacted. However, the mass ratios for a number of outfalls sampled before they entered 
waterways also fell within the area of mine drainage. Both the Ca/Sr vs Ca/Mg and SO4/Cl vs 
Mg/Na ratios for MS 1751, the outfall for the Seneca landfills, were indicative of mine drainage 
(Figure 4.14). Yet, the downstream sample did not closely resemble mine drainage according to 
the Mg/Li vs SO4/Cl ratio, although the outfall was more similar to MD than the downstream 
sample. The chemical makeup of the Seneca landfill leachate, especially magnesium levels 




drainage despite its origins. Additionally, the dilution of the leachate in the waterway may 







Figure 4.14. A- Ca/Sr vs Ca/Mg, B- SO4/Cl vs Mg/Na, C- Mg/Li vs SO4/Cl  
Mass ratios for MS 1751 (outfall) and MS 1750 (downstream).  
 
In the case of MS 1774, 1775, and 1776 (samples from the Millville WWTP which handles 
leachate from the White Pines Landfill) only the Ca/Sr vs Ca/Mg suggested the outfall resembled 
mine drainage (Figure 4.15). Considering the overlap between mine drainage and conventional 
oil and gas ratios in Ca/Sr vs Ca/Mg, and the indication that both outfalls (MS 1751 and MS 
1775) resemble mine drainage, the results of Ca/Sr vs Ca/Mg will be considered along with other 










Figure 4.15. Ca/Sr vs Ca/Mg (A), SO4/Cl vs Mg/Na, (B) Mg/Li vs SO4/Cl (C) ratios for MS 1774 
(upstream), MS 1775 (outfall), MS 1776 (downstream). 
 
4.5.3 Variation in Mass Ratios Between Upstream and Downstream Samples 
 Out of 44 new samples, 36 were taken in sets with at least one sample upstream and one 
downstream of the outfall, creating 16 sets where upstream and downstream data could be 
compared. In 10 out of 16 sets (62.5%) there were clear differences between upstream and 
downstream mass ratios. Figured 4.16 shows an example of sample sets with clear differences 
between upstream, downstream, and outfall results. Within those 10 sets, when all ratios were 
considered, downstream samples moved closer to conventional oil and gas ratios 80% of the time 
and resembled acid mine drainage more strongly 20% of the time. Yet, within that 80% results 
were not always consistent across mass ratios. For both sets, MS 1774-1775-1776 and MS 1761-




oil and gas than the upstream sample. However, because these results contrasted the other two 
ratios and the earlier observed contrast between the Ca/Sr vs Ca/Mg and other ratios when 
examining how strongly outfalls resemble mine drainage, the complete results were still taken to 
indicate that mass ratios of downstream samples were more similar to conventional oil ratios 








Figure 4.16. A- Samples where mass ratios for downstream samples vary significantly from upstream 
ratios. MS1775, the outfall itself, differs more from the upstream sample than MS 1776 which was taken 
further downstream. B- Samples where upstream and downstream mass ratios did not vary. The ratios are 














5.1 Accessibility of Permitting and Leachate Treatment Information 
5.1.1 NPDES Permits 
 Under the Clean Water Act (CWA), states that have been granted primacy by the EPA 
issue and enforce permits for pollution from point sources including landfill leachate treatment 
facilities and wastewater treatment plants. Consequently, most states (including all of those 
examined in this study) maintain their own NPDES permit systems. However, states must 
comply with CWA standards to retain primacy. Two such requirements focused on public 
access; the public must be able to view and comment on NPDES permit applications and they 
must be able to review facility monitoring reports for compliance. Ohio, Pennsylvania, and New 
York have all met or exceeded this requirement by making draft and final NPDES permits 
accessible online. While each state uses their own system with different levels of complexity 
(New York has a drop box, Pennsylvania a single search page, and Ohio separate pages for 
permits by county) the ability to access permits online provides significant opportunity for public 
access.  
 In contrast to other states in the area, there is no clear way to access existing NPDES 
permits for West Virginia through the West Virginia Department of Environmental Protection’s 
website. Forms and guidance on the application process are readily accessible for businesses and 
organizations applying for NPDES permits, but the public is not able to view existing permits. 
While West Virginia is not required to make permits accessible online, this approach severely 
restricts public access to information on point source pollution in the state, especially when 
compared to neighboring states Pennsylvania and Ohio. The lack of online access to NPDES 




Virginia was excluded for analysis of landfill leachate treatment and water sampling. Members 
of the public in West Virginia seeking information on point source pollution would benefit from 
being able to view draft and existing NPDES permits online.  
5.1.2 Annual Reports and Availability of Information on Leachate Treatment  
5.2.1.1 New York 
 All municipal solid waste, ash, and industrial landfills in New York are required to 
submit an annual report to the NY DEC by March 31st every year. These reports include 
estimates of landfill capacity used in the previous year, the remaining capacity, and any capacity 
to be added in the upcoming year. It also includes detailed, month by month records of the 
amount and types of waste and recycled material accepted, the volume of leachate produced, 
whether leachate was sent offsite, lists of offsite leachate treatment facilities used, and records of 
monitoring activities and results. Annual reports can generally be found through a search using 
the landfill’s name and the phrase “annual report” in a search engine, for example “Chemung 
County Landfill annual report.” These searches lead to a pdf of the annual report hosted on the 
NY DEC’s website. There is a File transfer Protocol (FTC) site hosted by the NYDEC where 
annual reports can be looked up, however most internet browsers no longer support the use of 
FTC sites, making this tool difficult to access. Consequently, most people will have to use 
general searches, making it difficult to determine whether you have found the most recent annual 
report, or whether a more recent report has been filed but is not appearing on a generalized 
search engine. While there is more uncertainty around finding the most recent annual report from 
a landfill, with both annual reports and NPDES permits online it is a straightforward process to 
find out what a landfill does with its leachate and what waterways may be impacted. 




reports through their website, which should make finding the most recent report more reliable in 
the near future.  
5.1.2.2 Ohio 
 According to the OH EPA Division of Surface Water pretreatment coordinator, no 
landfills in Ohio currently treat and discharge their own leachate under a NPDES permit. Instead, 
they send leachate offsite for treatment. Landfills in Ohio have a number of options for offsite 
treatment; they may truck leachate to a WWTP with an approved pretreatment program, they 
may pipe leachate directly to a WWTP in which case the landfill must hold an Indirect Discharge 
Permit (IDP) issued by the OH EPA to discharge to the selected WWTPs, they may send 
leachate to a Centralized Waste Treatment (CWT) facility which acts as an intermediary between 
landfills and approved WWTPs, and finally they can send leachate to facilities out of state. It is 
important to note however, that landfills with IDP may not to use it (OH EPA, n.d.-a; OH EPA, 
n.d.-b). According to the OH EPA Division of Surface Water pretreatment coordinator, many 
landfills instead choose to truck leachate to an instate or out of state WWTP based on costs.  
 Regardless of where a landfill in Ohio decides to send its leachate for treatment, 
information on that choice is publicly available. A list of approved pre-treatment programs can 
be found on the OH EPA’s website and full IDPs are also available (OH EPA n.d-a, OH EPA, 
n.d.-b). Additionally, as in New York, municipal, industrial, residual, and scrap tire landfills in 
Ohio are required to submit an annual report to the OH EPA by March 31st each year. Annual 
reports in Ohio provide additional information on leachate management including month by 
month breakdowns of how much leachate was sent to each offsite treatment facility. In contrast, 
New York annual reports require a list of offsite treatment facilities used and monthly volumes 




month. Additionally, Ohio annual reports identify offsite leachate treatment facilities by name 
and address which makes identifying facilities more reliable as many are referred to by multiple 
names, so the addresses provide greater certainty.  
Annual reports for Ohio landfills can be accessed online through the OH EPA’s 
edocuments search webpage. While the OH EPA Division of Surface Water pretreatment 
coordinator provided information on accessing and using the site for this project, the public can 
also find guidance for using the search on the search site’s main page. The ability to access 
landfill annual reports through the OH EPA’s own website makes it possible to determine if you 
are looking at the most recent report available, and provides ready access to reports from 
previous years for comparison. The ability to access annual reports, IDPs, approved pretreatment 
programs, and NPDES permits online makes it simple for the public to understand where 
leachate from Ohio is treated and the effluent discharged.  
5.1.2.3 Pennsylvania 
 Unlike both New York and Ohio, Pennsylvania has not made its landfill annual reports or 
other landfill permitting information available online. Anyone seeking information on how and 
where a landfill treats their leachate can either call the PA DEP Bureau of Waste Management or 
contact the facility directly. As described in the methods section, an environmental engineer with 
the PA DEP Bureau of Waste Management central office was contacted first, and they provided 
contact information for environmental engineers at each of the PA DEP’s regional offices. 
According to the environmental engineer with the central office for the Bureau of Waste 
Management, the regional offices could provide information on where landfills without NPDES 
permits sent their leachate for treatment without either a Right to Know request or an Informal 




review could be very time consuming, and, especially considering the limited amount of 
information sought, a less complex and time-consuming method seemed preferable.   
With the exception of the SWRO, the environmental engineers at the DEP’s regional 
offices provided what information they had on where landfills sent their leachate for treatment. 
In a few instances they were not certain what WWTP was used, especially if more than one had 
similar names, and they suggested contacting the landfill directly. A Right to Know request or an 
Informal File Review were also recommended if additional information was desired. Unlike the 
other regional offices, the environmental engineer for the SWRO would not share information on 
leachate treatment for the region’s landfills without either a Right to Know request or an 
Informal File Review. As a result, all landfills in the Southwest Region that had accepted oil and 
gas waste between January 2011 and March 2021 without NPDEs permits and a few facilities in 
other regions for which information needed to be confirmed were contacted directly. All landfills 
were called at least twice, and voicemails left if the phone was not answered. Most landfills did 
not answer their phone or respond to voicemails. For those that did, general landfill personnel 
were not always able to answer questions and forwarded the call to personnel who handled 
leachate, however they did not always answer or respond to voicemails. Additionally, some 
landfill personnel were uncomfortable sharing information about the facilities’ leachate 
management practices, were not authorized to speak to the public, or needed to contact 
management at the company before providing information. In one instance, the only phone 
number for the landfill connected to the call center for a large sanitation company, but personnel 
at the call center had no information on the landfill and did not think the company owned the 
facility. As a result, an Informal File Review request was submitted March 30, 2021, for landfills 




SWRO responded via email April 2, 2021 later via phone, however no information was received 
as of June 28, 2021.  
Overall, the lack of online access to annual reports or permits, unclear policies and 
inconsistent practices around sharing this information with the public, and slow response times to 
Informal File Review requests makes accessing information on leachate management in 
Pennsylvania challenging. While annual reports in Ohio and New York provided different 
degrees of detail, both are easily accessible online without the need to contact state personnel or 
complete information requests. It was necessary to contact landfill personnel for one facility in 
New York to clarify which WWTP was used because several sites had very similar names (a 
problem eliminated by the combination of name and address used on Ohio annual reports) but 
this step was only required for only one facility, in contrast to all 11 landfills which had accepted 
oil and gas waste within Pennsylvania's Southwest region, as well as a few from other regions. 
Information on how and where leachate might affect water quality could be made much more 
accessible to the public if Pennsylvania were to follow the examples of New York and Ohio and 
put landfill annual reports and similar information online.  
5.1.3 Oil and Gas Waste Reports 
 Information on Pennsylvania oil and gas well waste is accessible, but the quality is not 
guaranteed by the PADEP. Quantities of waste and disposal method and location are provided by 
the producers and not confirmed by the state agency, which warns the public it does not 
guarantee the accuracy of the data. The information is organized by well, and totals for an 
individual well, waste type (soil or liquid), well type (conventional or unconventional), or 
disposal method can all easily be computed, but determining the amount of waste taken by an 




spelling, multiple names for the same facility, and similar names for the same facility requiring 
careful review of names and addresses when compiling data. Combined, the potential inaccuracy 
and limitations of the data’s presentation make this data less accessible to the public than it could 
be.  
5.2 Oil and Gas Waste Production and Disposal  
 Analysis of waste reports shows that the majority of both solid and liquid oil and gas 
waste produced in Pennsylvania between January 2011 and March 2021 came from 
unconventional wells. These wells have also produced the majority of gas produced in the state, 
while conventional wells have produced the majority of oil. Comparisons of waste reports, oil 
and gas production reports, and the number of wells drilled each year indicate that the amount of 
waste produced more closely follows trends in the number of wells drilled than the amount of oil 
and gas produced. Both the number of wells and the amount of solid waste produced fell 
significantly from 2012 to 2016 with the number of unconventional wells drilled beginning to 
increase in 2017 while the amount of solid waste rose somewhat in 2018. The amount of liquid 
waste fell less precipitously but was reduced between 2012 and 2017 before beginning to rise in 
2018. Through this time, the amount of gas produced consistently rose. Overall, while the trends 
in solid and liquid waste production do not perfectly match changes in the number of 
unconventional wells drilled, they follow the same general trends. The number of wells drilled 
should provide a rough outline of the amount of waste produced during the same time period.  
 Examination of unconventional well waste data from January  to March 2021 indicates 
significantly more waste will be produced in 2021 than in the previous five years. If estimates 
are accurate, then 103,936,000 barrels of liquid waste will be produced along with 863,000 tons 




and the largest amount of solid waste produced since 2014. Additionally, the amount of solid 
waste will be 2.9 times higher than in 2020 and 2.7 times higher than in 2019. Between January 
2011 and March 2021, 89.11% of solid waste from oil and gas production has been sent to 
landfills and 71.4% of that has been accepted by ten landfills. Especially considering that the 
proportion of solid waste disposed of in landfills has been even higher the last five years, 
representing 98.75% of solid oil and gas waste, this significant increase in solid waste predicted 
in 2021 will also mean a significant increase in solid waste sent to landfills. Landfills that have 
consistently accepted oil and gas waste most, if not every year during the past decade, also tend 
to be those that have taken the largest amounts of waste over that time. Taken together, this 
indicates that the top ten landfills, along with a number of others which have consistently 
accepted oil and gas waste, will likely take a much larger amount of solid oil and gas waste in 
2021 than they have in the previous 5 years.  
 Landfills in New York, Ohio, and Pennsylvania all accept solid and liquid oil and gas 
waste from Pennsylvania, however the majority (75.29%) of solid waste and the largest 
proportion of liquid waste (46.44%) sent to landfills has stayed in the commonwealth. With the 
increase in waste production predicted for 2021, Pennsylvania landfills will be handling even 
more oil and gas waste. Consequently, the potential for increased impacts on water quality from 
oil and gas waste affecting leachate is in fact highest in Pennsylvania itself.  
5.3 Leachate Composition and Potential Impacts on Waterways 
5.3.1 Surface Water Standards 
The most common impairments to surface water quality in the samples taken in 
Pennsylvania were temperatures above the suggested range and elevated iron. All but 5 samples 




elevated nitrate, low pH, and one instance of elevated sulfate (although 8 samples exceeded more 
stringent standards that apply to other waterway classifications). Water quality downstream was 
not consistently worse than upstream. However, the three outfalls tested had noticeably higher 
TDS, nitrate, and sulfate. Other downstream samples also showed higher nitrates and TDS 
although less consistently.  
Water samples from Ohio exceeded applicable surface water standards less than 
Pennsylvania samples. Of 13 samples, 6 exceeded standards for iron. However, an additional 5 
had elevated iron levels which exceeded the standard for human consumption, although that 
standard was not applicable based on the water use categorization. Sample set MS 1754-1755 -
1756 represents a downstream, outfall, and upstream sample in that order. This sample set has 
both elevated iron and TDS levels based on the human consumption standard (although it does 
not apply based on use categorization). Additionally, both TDS and sulfate levels were highest 
for the outfall followed by the downstream sample, indicating the outfall impacted downstream 
water quality. Across all sample sets, downstream samples had higher TDS although the 
differences were sometimes very minor, ranging from 1.09 mg/L for MS 1761-1762 to 548.35 
between the outfall and downstream for MS1754-1755-1756 and 233.35 between the upstream 
and downstream samples in that set. In all sample sets potassium was higher in downstream 
samples while magnesium was higher downstream in 4 of 5 sample sets, the combination of 
these cations may cause the elevated TDS observed in downstream samples.  
 Only one sample set consisting of 4 samples was taken in New York. One sample was 
taken upstream of all outfalls on the Chemung River (MS 1788), one below an outfall on Newton 
creek right before its confluence with the Chemung, (MS1786) one downstream of the that 




another outfall on the Chemung (MS1785). All samples exceeded the state’s standards for iron. 
Additionally, the furthest downstream (MS1787) had the highest levels of iron, manganese, and 
pH all exceeding state standards. MS1786 and 1787 had the highest levels of chloride, nitrate, 
sulfate, and magnesium with MS 1785 falling between these samples and the upstream values. 
The WWTP located upstream on the Newton Creek (Chemung County Sewer District No. 1 
(Lake St) appears to have a greater impact on water quality than the facility located downstream 
on the Chemung River (Chemung County Elmira Sewer District (Milton St). Both accept 
leachate from the Chemung County Landfill, but the volumes sent to each location are not listed. 
Other inputs to the WWTPs may account for the variation in water quality. 
 Across all three states, iron is the most common water quality impairment. When the 
more stringent and commonly used standard of 0.3 mg/l is applied, 1 of 4 samples from New 
York, 11 of 13 samples from Ohio, and 23 of 29 samples from Pennsylvania have elevated iron. 
This suggests a region-wide issue with elevated iron in surface water, potentially resulting from 
mine drainage. Mass ratios also suggest that the majority of water samples from the area are 
impacted by mine drainage. Figure 5.1 shows the site of MS 1747, with evidence of iron 





Figure 5.1. Sample location for MS 1747 along Brush Creek in Westmoreland County, Pennsylvania. 
The creek bed is coated with iron precipitate.  
 
5.3.2 Mass Ratios 
5.3.2.1 Mine Drainage  
 Samples taken both upstream and downstream of landfills and WWTPs in New York, 
Pennsylvania, and Ohio indicate widespread contributions from mine drainage-like sources. 
When all results are examined, both Ca/Sr vs Ca/Mg and SO4/Cl vs Mg/Na show the majority of 
both upstream and downstream samples fall within the range of geochemical ratios typical of 
mine drainage impacts. While more samples fall outside the area indicative of mine drainage 
according to the Mg/Li vs SO4/Cl ratio, the results still suggest that a large proportion of 
waterways have been impacted by mine drainage. It should be noted, however, that more 




As described in the discussion, the Ca/Sr vs Ca/Mg graph has the greatest overlap 
between mine drainage and conventional oil and gas ratios and most samples, even those from 
outfalls, may appear into within the mine drainage range. While the majority of samples have 
mass ratios similar to mine drainage-like sources, the tendency of even outfall samples such as 
MS1751 and 1775, which contain only leachate and effluent, to appear impacted by mine 
drainage complicates the interpretation of these ratios. These results may suggest that the mass 
ratios for some leachates are similar to those of mine drainage. This may explain why in 28% of 
all upstream-downstream sample sets the downstream sample more closely resembled mine 
drainage than the upstream sample. Considering Ca/Sr vs Ca/Mg results in conjunction with 
those of other ratios may provide more clarity. 
5.3.2.2 Reference Samples 
Comparisons of the reference samples, MS 327 taken upstream of a brine treatment 
facility and MS 328 taken downstream of the same brine treatment facility, suggested the brine 
treatment facility impacted the water chemistry downstream. While bromide was not detected in 
the upstream sample, the downstream sample did contain measurable levels of bromide and the 
Mg/Li vs Br/SO4 ratio places the downstream sample nearly on top of the area indicative of 
conventional oil impacts. Further, MS 328 falls within the mass ratios ranges of conventional oil 
and gas impacts according to both the Ca/Sr vs Ca/Mg and SO4/Cl vs Mg/Na graphs, and very 
close according to the Mg/Li vs SO4/Cl graph. The upstream sample does not fall near the 
conventional oil or gas ranges according to any of the ratios. These results are supported by the 
findings of earlier studies where levels of bromide increased downstream of CWTs, Ra-228 and 




and overall water quality was reduced by the discharge of treated oil and gas waste from CWTs 
(Warner et al, 2013; Lauer et al, 2018).   
Similarly, comparisons of reference samples taken downstream of the Belle Vernon 
Municipal Authority WWTP before (MS 1339) and after (MS 1401) it stopped taking leachate 
from a landfill handling oil and gas waste suggested the treated leachate impacted downstream 
water quality. The SO4/Cl vs Mg/Na, Ca/Sr vs Ca/Mg, and Mg/Li vs SO4/Cl plots all place MS 
1339 closer to the mass ratios ranges of oil and gas like sources than MS 1401. The sample taken 
before the facility stopped treating leachate also contained measurable levels of bromide while 
the later sample did not. This is similar to the pattern observed upstream and downstream of the 
CWT in which only the downstream sample contained bromide.   
Examination of mass ratio results for leachate from the Westmoreland Sanitary landfill 
suggest the leachate has been impacted by the acceptance of oil and gas waste. Misc 106 fell 
within the mass ratio ranges of oil and gas brines in the Mg/Li vs Br/SO4 and Mg/Li vs SO4/Cl 
plots and just outside the conventional oil brine range on the SO4/Cl vs Mg/Na plot. While Misc 
106 resembled mine drainage sources on the Ca/Sr vs Ca/Mg plot, similar results for MS 1581 
and the treated leachate in MS 1751 suggest leachate may sometimes have a similar chemical 
composition to mine drainage.  
Mass ratios for MS 1581 suggest the landfill may have accepted conventional oil and gas 
waste before its closure in 1996. Examination of records for which landfills accepted oil and gas 
waste only extended to January 2011 for this analysis and the landfill sampled for MS 1581 
closed in 1996, so records of whether or not it accepted oil and gas waste were outside the scope 
of this review. However, both the Mg/Li vs Br/SO4 and Mg/Li vs SO4/Cl ratios place MS 1581 




5.3.2.3 Upstream-Downstream Sample Sets 
 Whenever possible, samples were taken in upstream-downstream sets to allow for 
comparison between background water chemistry and impacts from outfalls. A total of 16 such 
sets were taken comprised of 36 individual samples. Locations given for outfalls were often 
incorrect or inaccessible so only 4 of these sets included samples from known or strongly 
suspected outfall. Examination of set and non-set data shows it is much harder to determine 
whether outfalls may be impacting water quality without upstream data to compare against. If 
samples had mass ratios that fell within the area’s indicative of conventional oil, conventional 
gas, or unconventional gas it would have been taken to indicate the waterway was impacted by 
oil and gas waste. Because only one mass ratio fell in that area, comparisons between upstream 
and downstream or outfall samples was vital for determining if any change in water chemistry 
had occurred and what, if any, impacts there may have been. Without clear results from mass 
ratios or upstream samples to compare against, no conclusions could be drawn for a number of 
samples based on mass ratios.  
 Mass ratios did not conclusively indicate impacts of oil and gas waste for samples taken 
upstream and downstream of outfalls. However, these ratios did document changes in water 
chemistry between upstream and downstream samples for 10 (62.5%) of 16 sets. For those 
samples where differences were evident, 80% of downstream sample mass ratios became more 
similar to conventional oil ratios while in the remaining 20% the downstream sample became 
more like mine drainage. This suggests that at least half the time outfalls impact downstream 
water quality and when they do, they are more likely to cause water chemistry to become more 




 Of the 10 landfills that have accepted the largest amount of solid oil and gas waste from 
January 2011 to March 2021, 5 have been sampled in upstream-downstream sample sets and all 
of those have accepted waste this year. Another 4 landfills that have accepted oil and gas waste 
in 2021 were also sampled. Combined, this group of landfills is represented by 9 upstream-
downstream sample sets (22 individual samples). Of those 9 sets, 7 (77%) show differences in 
mass ratios between the upstream and downstream sample compared to 62.5% across all 
upstream-downstream sets (16 total). Within the 7 sets with differences, in 5 (71%) the upstream 
mass ratios resemble conventional oil more than downstream sample (compared to 80% in all 
samples sets) while in 2 (28%) the downstream sample more closely resembles mine drainage 
than the upstream sample (compared to 20% in all sample sets). Of the 5 sample sets 
representing the top ten landfills, 100% showed differences between upstream and downstream 
water quality. Out of 5 sets, in 4 (80%) the downstream sample more closely resembles 
conventional oil and gas than the upstream while in the remaining 1 (20%) the downstream 
sample looks more like mine drainage. In none of the 5 sets of samples from the top ten landfills 
do the upstream and downstream samples appear the same. These results suggest that outfalls 
may be more likely to affect downstream water chemistry where landfills have recently accepted 
oil and gas waste or have accepted large amounts of waste over time. Additionally, while outfalls 
appear more likely to move toward conventional oil mass ratios than they are toward mine 
drainage ratios, there is not a clear relationship between quantity of waste accepted or how 










Figure 5.2 Ca/Sr vs Ca/Mg (A), SO4/Cl vs Mg/Na (B), Mg/Li vs SO4/Cl (C) ratios for upstream and 
downstream sample sets. The movement from upstream to downstream ratios is shown by the arrows. 
Blue arrows represent the sample sets from outfalls handling leachate from the top ten landfills.  
 
 When examined by onsite versus offsite treatment, results suggest that offsite treatment 
may be more effective at reducing potential impacts of leachate on waterways. The 16 sets of 
upstream-downstream samples are divided evenly between landfills that treat and discharge their 
own leachate and those that send it to WWTPs for treatment. Of the 8 sample sets taken 
upstream and downstream of landfills that treat their own leachate, 6 (75%) showed changes 
between upstream and downstream water chemistry. Withing the 6 samples where changes were 
observed, in 4 (66.7% of those showing changes ,50% of the total) the downstream sample more 
closely resembled oil and gas mass ratios, in 2 (33% of those showing changes, 25% of the total) 
it more closely resembled mine drainage than the upstream samples. In contrast, of 8 sample sets 
taken upstream and downstream of WWTPs treating landfill leachate, 4 (50%) showed no 




closer toward mass ratios indicative of oil and gas. This suggests that offsite treatment at 
WWTPs may be more effective at treating leachate and preventing impacts to water chemistry 
downstream. However, there are likely limitations to this effectiveness because, while overall 
rates of difference and occurrences of downstream samples becoming more like mine drainage 
are reduced, onsite treatment showed the same occurrence of downstream samples indicating 
some impact by oil and gas waste as onsite treatment.  
 In most cases it was not possible to access the outfall, so samples were taken upstream 
and downstream of the reported or suspected location. However, 4 sets of samples were taken 
that included or were very close to the outfall MS 1750-1751, MS1754-1755-1756, MS1774-
1775-1776, and MS1780-1781. All show clear differences between upstream, downstream, and 
outfall mass ratios with greater variability between outfall and upstream where that data is 
available (MS1754-1755-1756, MS1774-1775-1776). This supports broader results of outfalls 
causing changes in water quality and indicates that any impacts on water chemistry from outfalls 
become less apparent with dilution downstream. Testing outfalls directly may be required to 
detect impacts from oil and gas, but this would require more reliable data regarding outfall 
locations than appear in many NPDES permits. It also would require reliable access to outfalls 
which was not always possible as outfalls were not always publicly accessible. Additionally, it 









CHAPTER 6- SUMMARY AND FUTURE DIRECTIONS 
6.1 Summary 
6.1.1 Trends in Waste Production and Disposal 
 Between January 2011 and March 2021, unconventional wells produced the majority of 
both liquid and solid oil and gas waste in Pennsylvania. Most of that solid waste was 
subsequently disposed of in landfills within the state. Ten landfills have taken 71.4% of that solid 
waste, and these sites have consistently accepted oil and gas waste every year for the past 
decade. Data on unconventional well waste production from January to March 2021 indicates 
more solid waste will be produced this year than any year since 2014 and, based on established 
patterns, the majority of this waste will be sent to landfills in Pennsylvania.  
6.1.2 Potential Impacts on Water Chemistry  
 Analysis and comparisons of mass ratios taken upstream and downstream of a brine 
treatment facility clearly showed the facility’s effluent affected downstream water chemistry and 
indicated impacts from the brines it treated. Subsequent analysis of upstream-downstream 
sample sets from landfill and WWTP outfalls found that water chemistry measurably changed in 
62.5% of sample sets, with downstream samples in 80% of impacted sets appearing more like oil 
and gas than upstream samples. When both quantity of waste accepted and how recently that 
waste was handled were considered, the frequency of water quality changes increased to 77% 
and became 100% when only samples from sites that accepted large quantities of waste were 
examined.  Changes in water quality with onsite versus offsite treatment at a WWTP were 
examined; mass ratios suggested that only 50% of sample sets showed changes in water 
chemistry after discharges from WWTPs handling leachate, while 75% showed changes 




more like oil and gas than upstream samples, but an additional 25% of downstream samples 
became more like mine drainage for landfill outfalls. Sets that included samples from outfalls, as 
well as the standard upstream and downstream samples, consistently showed changes in water 
chemistry and indicated that these changes decreased farther from the outfall. Additionally, 
examination of all mass ratios showed region-wide impacts from mine drainage. Upstream and 
downstream samples from most site clearly showed these impacts. 
Overall, the results of this study suggest that discharge of treated leachate from landfills 
accepting oil and gas waste may impact downstream water chemistry. These impacts become 
more likely if a landfill recently accepted oil and gas waste or has accepted large quantities      
over time. If downstream water chemistry is impacted, it is likely to become more like oil and 
gas brines than mine drainage. These impacts are less likely if leachate is treated offsite at a 
WWTP than onsite. Impacts are most evident at the outfall itself and become less obvious further 
downstream. Additionally, mass ratios show that waterways across the region are impacted by 
mine drainage.  
Considering the potential impacts on water quality, alternative disposal methods to 
municipal landfills should be considered for oil and gas waste. Other waste types that are deemed 
too high risk such as batteries, electronic waste, and pharmaceuticals cannot be disposed of in 
landfills, so it is reasonable to consider a similar ban on oil and gas waste. Hazardous waste 
landfills which already handle radioactive materials may be a more appropriate means of 
disposal for oil and gas wastes with their TENORM loads.  
6.3.1 Accessibility of Data 
 While determining which landfills accepted oil and gas waste was a straightforward 




those landfills was treated and the effluent discharged was much more complicated. The 
accessibility of landfill annual reports for both Ohio and New York made it relatively simple to 
determine where leachate was likely treated based on a landfill’s previous practice. However, the 
lack of online access to Pennsylvania annual reports, unclear policies and inconsistent practices 
at the PA DEP, and lack of responses and openness on the part of landfills made the process of 
finding information on leachate treatment in Pennsylvania much more complicated and time-
consuming and far less reliable.  
Online access to draft and final NPDES permits for Ohio, Pennsylvania, and New York 
made finding outfall points for either landfills or WWTPs handling leachate very 
straightforward, while the lack of online access to West Virginia NPDES permits prevented 
examination of information for that state. Unfortunately, reviews of Ohio, Pennsylvania, and 
New York NPDES permits found that many were inaccurate and raised questions about whether 
they had been adequately reviewed before being approved. It seems highly unlikely that a 
WWTP is discharging its effluent nearly half a mile from any waterway in the middle of a 
housing division, yet that is what is shown by the coordinates in one approved NPDES permit 
from Pennsylvania (Appendix A).  
Public access would benefit if states in the region had similar levels of access to 
information and policies on public accessibility. NPDES permit information for West Virginia is 
currently more or less inaccessible and the situation could be dramatically improved thorough 
online access. Similarly, access to annual reports and the information on landfill permits could be 
made more accessible and the policies more consistent if Pennsylvania implemented an online 





6.2 Future Directions 
 While mass ratio analysis suggests that discharge of treated leachate from landfills 
accepting oil and gas waste may impact downstream water chemistry and quality, and the 
majority of downstream water samples that showed changes appeared more like oil and gas 
brines, these results were not consistent across the board. In some sample sets, downstream water 
samples moved toward mass ratios similar to mine drainage like sources instead of moving 
toward those similar of brine. Samples from one outfall even closely resembled mine drainage. 
Chemical analysis of leachate from a variety of landfills in the region would help to establish a 
baseline for regional leachate chemistry against which these and further samples could be 
compared. Additionally, analysis of leachate from landfills no longer in operation and known to 
have taken and not taken oil and gas waste could help to establish concretely whether the landfill 
tested as a part of this study that had closed in 1996 had accepted oil and gas waste which is 
impacting its leachate.  
 When landfills were contacted about their leachate treatment practices, they were also 
asked if they would allow sampling and testing of their leachate. None agreed, so all samples 
were taken from outfalls or downstream of outfalls after leachate was treated. This analysis did 
not include a detailed examination of the treatment methods at each facility and the combination 
of pre-treatment at the landfill and at WWTP leachate was subjected to. Treatment is intended to 
make leachate safe for discharge and likely significantly changes its chemical composition. 
Additionally, while samples were taken from landfills that had accepted varying amounts of oil 
and gas waste over varying time periods, none were taken from landfills which had never taken 
this waste. Sampling of leachate before treatment, detailed examination of treatment methods 




taken oil and gas waste would provide a more comprehensive understanding of how oil and gas 
waste impacted leachate, how effective various treatment techniques are, and how far 
downstream these impacts remain in place.   
 Samples were taken as close to outfalls as possible, but the coordinates for many outfalls 
were unreliable, while the closest access to others was on private property necessitating sampling 
further downstream. Results from the few outfalls that could be tested showed that chemical 
signatures for leachate were much stronger there than further downstream. Future testing of 
outfalls, possibly through coordination with landfills, WWTPs and property owners, would be 
beneficial to better understand the potential impacts of leachate and how quickly it disperses in a 
waterway.  
 Leakage from failed landfill liners is recognized as source of serious groundwater 
contamination. Failure of liners at landfills accepting oil and gas waste could result in 
contamination of groundwater with oil and gas waste constituents impacting local, private water 
wells although this was not addressed in this work. Testing of private wells near landfills 
accepting oil and gas would be appropriate as part of future studies.  
 Results from this and future analyses may be used to reassess policies on appropriate 
methods of treatment and disposal of oil and gas waste. Considering the evidence of impacts on 
waterways from affected leachate in this analysis and evidence of radium buildup from previous 
analysis, current treatment methods are insufficient to prevent impacts from oil and gas waste on 
waterways. Data from this analysis has already been used by Pennsylvania state legislators who 
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Appendix A. Example of pertinent pages of NPDES permit 
 
3800-PM-BPNPSM0012    Rev. 9/2016 COMMONWEALTH OF PENNSYLVANIA  
Permit DEPARTMENT OF ENVIRONMENTAL PROTECTION 




AUTHORIZATION TO DISCHARGE UNDER THE 
NATIONAL POLLUTANT DISCHARGE ELIMINATION SYSTEM 
DISCHARGE REQUIREMENTS FOR PUBLICLY OWNED 
TREATMENT WORKS (POTWs) 
3800-PM-WSFR0012    Rev. 8/2009 
NPDES PERMIT NO: PA0027570 
 
 
In compliance with the provisions of the Clean Water Act, 33 U.S.C. Section 1251 et seq. ("the Act") and Pennsylvania's 
Clean Streams Law, as amended, 35 P.S. Section 691.1 et seq., 
 
Western Westmoreland Municipal Authority 
12441 Route 993  
North Huntingdon, PA 15642-0366 
 
is authorized to discharge from a facility known as Brush Creek STP, located in North Huntingdon Township, 
Westmoreland County, to Brush Creek, in Watershed(s) 19-A in accordance with effluent limitations, monitoring 
requirements and other conditions set forth in Parts A, B and C hereof. 
 
THIS PERMIT SHALL BECOME EFFECTIVE ON JUNE 1, 2017 
THIS PERMIT SHALL EXPIRE AT MIDNIGHT ON MAY 31, 2022 
 
The authority granted by this permit is subject to the following further qualifications: 
 
1. If there is a conflict between the application, its supporting documents and/or amendments and the terms and 
conditions of this permit, the terms and conditions shall apply. 
 
2. Failure to comply with the terms, conditions or effluent limitations of this permit is grounds for enforcement action; 
for permit termination, revocation and reissuance, or modification; or for denial of a permit renewal application. (40 
CFR 122.41(a)) 
 
3. A complete application for renewal of this permit, or notice of intent to cease discharging by the expiration date, 
must be submitted to DEP at least 180 days prior to the above expiration date (unless permission has been granted 
by DEP for submission at a later date), using the appropriate NPDES permit application form. (40 CFR 122.41(b), 
122.21(d)) 
 
In the event that a timely and complete application for renewal has been submitted and DEP is unable, through no 
fault of the permittee, to reissue the permit before the above expiration date, the terms and conditions of this permit, 
including submission of the Discharge Monitoring Reports (DMRs), will be automatically continued and will remain 
fully effective and enforceable against the discharger until DEP takes final action on the pending permit application. 
(25 Pa. Code §§ 92a.7(b), (c)) 
 
4. This NPDES permit does not constitute authorization to construct or make modifications to wastewater treatment 
facilities necessary to meet the terms and conditions of this permit. 
 
DATE PERMIT ISSUED May 26, 2017  ISSUED BY /S/ 
 Christopher Kriley, P.E. 
 Clean Water Program Manager 












Appendix B. Reported outfall location 
 
The location marked in blue is the outfall point reported on the NPDES permit. It is 0.476 miles  
or 0.766 kilometers from the WWTP (marked by the black star), is not located in a waterway, 
and is located in a neighborhood. This location was assumed to be incorrect for all of the above 
reasons. Samples were taken along the waterway upstream and downstream of the physical 


































































Appendix E. All samples and results from insitu YSI testing.  
Values above applicable standards are in red. Sample sets are separated by lines. Reference samples are shaded yellow, upstream 
samples green, and downstream samples light red. YSI readings were not taken for Misc 106, MS 1339, or MS 1401. SpC means 
specific conductivity.  
MS 















upstream  6/9/14 17.4 80.5 7.7 7.3 728.6 212.9 183.2 138.4 
MS328 Rt. 6 Bridge-downstream 6/9/14 17.7 82.6 7.9 7.3 728.9 920.5 793 598.3 
MS1581 Northpark/Wheeling Landfill 8/21/20 19.25 64.3 5.91 7.47 737.35 1548.5 1378 1006.53 
MS1648 OH - upstream (Sample 1) 10/22/20 21.3 82.1 7.27 8.61 747.6 374.8 348.3 243.62 
MS1649 OH - outflow (Sample 2) 10/22/20 21.8 81.7 7.16 8.3 747.5 588 552 382.2 
MS1743 
Advanced Disposal-
downstream 4/6/21 9.3 128.6 14.72 8.46 736.1 550.9 386.2 358.09 
MS1744 Max Yukon Pt 1-downstream 4/6/21 11.9 129.5 13.96 8.35 738.8 763 572 495.95 
MS1745 Max Yukon Pt 2-upstream 4/6/21 12 116.6 12.52 8.24 738.2 757 570 492.05 
MS1746 Brush Creek Pt 1-downstream 4/6/21 13.1 114.1 11.97 7.94 739.1 1111 858 722.15 
MS1747 Brush Creek Pt 2-upstream 4/6/21 13.4 125.3 13.04 7.74 738.7 1104 860 717.6 
MS1748 Northwest Pt 1-downstream 4/6/21 18.1 104.6 9.88 8.48 728.4 309.9 269 201.44 
MS 1749 Northwest Pt 2-upstream 4/6/21 16.5 108.4 10.58 8.15 727.9 162.5 136.1 105.63 
MS1750 Seneca Pt-downstream 4/6/21 15.1 137 13.76 8.73 735.3 478.7 388.4 311.16 
MS1751 Seneca Pipe outfall 4/6/21 14.7 97.7 9.87 7.78 735.1 1771 1421 1151.15 
MS1752 Dover WWTP-upstream 4/14/21 14.4 93.7 9.56 8.93 740.9 620.8 495.2 403.52 
MS1753 Dover WWTP-downstream 4/14/21 14.4 92 9.37 8.27 741.2 625.3 499 406.45 
MS1754 Canton WWTP-downstream 4/14/21 137 93.2 9.63 7.91 737.8 1286 1009 835.9 





MS1756 Canton WWTP-upstream 4/14/21 13.1 90.9 9.52 7.97 737.3 927 716 602.55 
MS1757 Akron-downstream 4/14/21 15.4 72.2 7.21 8.11 743.5 634 518 412 
MS1758 Akron-upstream 4/14/21 15.6 63.7 6.32 8.01 742.7 632 519 410.8 
MS1759 Alliance-upstream 4/14/21 14.6 52.8 5.37 7.85 734 577.8 463 375.57 
MS1760 Alliance-downstream 4/14/21 17.1 49.9 4.8 7.9 733.8 579.4 492.5 376.61 
MS1761 Lowellville-upstream 4/14/21 16 50.2 4.95 7.97 738.5 501.4 415.5 325.91 
MS1762 Lowellville-downstream 4/14/21 16.1 71.1 6.98 7.64 738.4 504 418.6 327 
MS1766 Beaver Falls-upstream 4/28/21 14.8 104.9 10.62 8.97 749.3 546.6 439.8 355.29 
MS1767 Beaver Falls-downstream 4/28/21 14.2 98 10.06 8.58 740.7 534.6 423.9 347.49 
MS1769 Max Bulger-racoon upstream 4/28/21 15.4 74.8 7.46 7.79 733.7 873 713 567.45 
MS1770 
Max Bulger-little racoon 
downstream 4/28/21 15.6 82.3 8.17 7.69 732.2 1235 1013 802.75 
MS1771 
Max Bulger-little racoon 
upstream 4/28/21 16.3 61.6 6.02 7.62 731 1280 1067 832 
MS1772 Pine Creek STP-upstream 5/13/21 10.8 97.5 10.8 7.99 754.2 124.5 90.7 80.93 
MS1773 Pine Creek STP-downstream 5/13/21 10.8 95.6 10.59 8.69 754 124.6 90.7 80.99 
MS1774 Millville-upstream 5/13/21 10.1 95.5 10.75 8.07 751 61.9 44.3 40.24 
MS1775 Millville-outfall 5/13/21 13.2 90.5 9.49 7.83 751 261 202.1 169.65 
MS1776 Millville-downstream 5/13/21 10.8 100.5 11.15 7.74 751 66 48.1 42.9 
MS1777 
Pennsylvania Water-
downstream 5/13/21 12.4 95.1 10.14 7.92 748.6 188 142.9 122.2 
MS1778 Phoenix Landfill-downstream 5/14/21 9.7 103.8 11.79 4.93 726.1 645.2 456.1 419.38 
MS1779 Phoenix Landfill-upstream 5/14/21 10 64.1 7.22 3.22 724.7 885 631 575.25 
MS1780 
McKean Landfill-pt1 likely 
outfall 5/14/21 15.1 59.8 6.01 6.29 711.6 330.2 268.1 214.63 
MS1781 
McKean Landfill-pt2 
downstream 5/14/21 9.8 64.9 7.34 6.87 723.1 40.2 28.6 26.13 
MS1782 
Advanced Disposal Greentree-







downstream pt1 5/14/21 10.3 78.7 8.81 6.58 726.1 667.6 480 433.94 
MS1784 
Advanced Disposal Greentree-
downstream pt2 5/14/21 9.8 85.5 9.67 6.65 726.3 564.1 400.8 366.67 
MS1785 Chemung downstream 5/27/21 20.7 87.5 7.82 9.47 741 394.5 362.4 256.43 
MS1786 Newton downstream 5/27/21 17.5 84.5 8.07 8.21 741.1 667 571 433.55 
MS1787 Between point 5/27/21 21.3 89.2 7.9 8.27 741.4 441.6 410.2 287.04 
MS1788 Chemung upstream 5/27/21 21.7 71.5 6.28 8.33 741 332.2 311.5 215.93 




























Appendix F.  Full anion results 
All amounts in mg/l. Values above applicable standards are in red. Sample sets are separated by lines. Reference samples are shaded 
yellow, upstream samples green, and downstream samples light red.  
MS Number Sample Name Fluoride Chloride Nitrite Bromide Nitrate Phosphate Sulfate 
MS327 Wastewater Treatment-upstream  bdl 18.81 bdl bdl 1.37 1.99 8.99 
MS328 Rt. 6 Bridge-downstream bdl 251.47 bdl 2.16 1.68 bdl 8.12 
MS1339 Belle Vernon WWTP while taking leachate 0.1 579 12.0 1.6 6.8 10.4 100.0 
MS1401 
Belle Vernon WWTP no longer 
taking leachate 0.01 111.1 bdl bdl 71.90 10.32 62.6 
Misc106 Westmoreland Landfill leachate bdl 1349 bdl 4.06 0.72 bdl 24.9 
MS1581 Northpark/Wheeling Landfill 0.11 105.3 bdl 0.7 6.2 bdl 4.7 
MS1648 OH - upstream (Sample 1) 0.09 32.3 0.3 bdl 4.43 0.01 86.4 
MS1649 OH - outflow (Sample 2) 0.15 60.8 1 bdl 17.15 0.02 132.6 
MS1743 Advanced Disposal-downstream 0.1 21.9 bdl bdl 1.84 bdl 145.7 
MS1744 Max Yukon Pt 1-downstream 0.08 94.2 bdl bdl 9.95 bdl 119.1 
MS1745 Max Yukon Pt 2-upstream 0.1 89.7 bdl bdl 8.46 bdl 124.6 
MS1746 Brush Creek Pt 1-downstream 0.08 161.4 bdl bdl 16.72 bdl 187.8 
MS1747 Brush Creek Pt 2-upstream 0.11 157.8 bdl bdl 3.69 bdl 200.8 
MS1748 Northwest Pt 1-downstream 0.09 13.6 bdl bdl 1.3 bdl 88.2 
MS 1749 Northwest Pt 2-upstream 0.08 8.4 bdl bdl 1.55 bdl 37.3 
MS1750 Seneca Pt-downstream 0.1 83.5 bdl bdl 5.09 bdl 38.7 
MS1751 Seneca Pipe outfall 0.11 110.4 bdl 0.005 0.27 bdl 518.3 
MS1752 Dover WWTP-upstream 0.1 92.56 bdl bdl* 5.5 0.1 60.6 





MS1754 Canton WWTP-downstream 0.3 244.9 bdl bdl* 5.6 0.5 96.9 
MS1755 Canton WWTP-outfall 0.3 386.35 bdl 0.02 7.8 1 114.1 
MS1756 Canton WWTP-upstream 0.2 137.49 bdl bdl* 3 bdl 65.5 
MS1757 Akron-downstream 0.1 112.73 bdl bdl* 2.4 bdl 31 
MS1758 Akron-upstream 0.1 108.57 bdl bdl* 2.1 bdl 29.7 
MS1759 Alliance-upstream 0.1 79.06 bdl bdl* 2.9 bdl 34.5 
MS1760 Alliance-downstream 0.2 58.56 bdl bdl* 4.6 bdl 70.6 
MS1761 Lowellville-upstream 0.2 72.37 bdl bdl* 3.7 0.1 66.2 
MS1762 Lowellville-downstream 0.2 87.08 bdl bdl* 5 0.1 37.5 
MS1766 Beaver Falls-upstream 0.14 69.8 bdl 0.03 4.4 bdl 56 
MS1767 Beaver Falls-downstream 0.13 69.4 bdl 0.024* 4.5 bdl 57 
MS1769 Max Bulger-racoon upstream 0.13 15.1 bdl 0.0014* 0.5 bdl 302.7 
MS1770 
Max Bulger-little racoon 
downstream 0.16 199.3 bdl 0.05 6.6 bdl 304.1 
MS1771 
Max Bulger-little racoon 
upstream 0.26 185.4 bdl bdl 12.3 bdl 353.7 
MS1772 Pine Creek STP-upstream 0.07 6.7 bdl bdl 2 bdl 23 
MS1773 Pine Creek STP-downstream 0.07 5.9 bdl bdl 2.4 bdl 23 
MS1774 Millville-upstream 0.06 4.4 bdl bdl 4 bdl 6.1 
MS1775 Millville-outfall 0.06 57.2 bdl 0.2 16.2 bdl 7.7 
MS1776 Millville-downstream 0.07 6.7 bdl bdl 4.8 bdl 7.1 
MS1777 
Pennsylvania Water-
downstream 0.08 30 bdl bdl 1.2 bdl 24.3 
MS1778 Phoenix Landfill-downstream 0.07 9.8 bdl bdl 1 bdl 434.8 
MS1779 Phoenix Landfill-upstream 0.07 6.2 bdl 0.2 0.7 bdl 588.3 
MS1780 
McKean Landfill-pt1 likely 







downstream 0.07 2.9 bdl bdl 1.5 bdl 6.5 
MS1782 
Advanced Disposal Greentree-
upstream 0.12 11 bdl bdl 1.7 bdl 327.8 
MS1783 
Advanced Disposal Greentree-
downstream pt1 0.12 53.7 bdl 0.3 38.7 bdl 316.4 
MS1784 
Advanced Disposal Greentree-
downstream pt2 0.11 17.7 bdl bdl 8.4 bdl 274.1 
MS1785 Chemung downstream 0.08 56.77 bdl 0.2 1.79 0.01 14.8 
MS1786 Newton downstream 0.08 111.62 bdl 0.2 2.05 bdl 15.8 
MS1787 Between point 0.08 80.44 bdl 0.19 4.3 bdl 16.96 


























Appendix G. Cation results section 1 
All amounts in mg/l. Values above applicable standards are in red. Sample sets are separated by lines. Reference samples are shaded 
yellow, upstream samples green, and downstream samples light red.  
MS 
Number Li B Na Mg Al Si P K Ca Ti V Cr Mn Fe Co 
MS327 0.002 0.024 15.29 2.65 0.065 1.7 0.48 1.92 12.67 0.002 bdl bdl 0.16 0.15 0.0003 
MS328 0.05 0.015 96.25 6.51 0.087 1.45 0.09 1.86 44.38 0.001 bdl bdl 0.08 0.34 0.0003 
MS1339 0.025 0.825 270.33 26.14 0.073 5.36 3.568 46.72 59.72 0.011 0.011 0.007 0.073 0.68 0.0039 
MS1401 0.007 0.229 67.70 9.61 0.109 4.87 3.27 9.96 44.44 0.009 0.002 0.007 0.025 0.32 0.0009 
Misc106 0.087 2.884 762.99 70.74 0.084 9.49 0.22 142.19 197.37 0.013 0.025 0.026 0.458 3.22 0.0104 
MS1581 0.063 1.812 163.85 49.73 0.026 9.97 bdl 24.16 154.03 0.003 0.002 0.005 1.14 3.98 0.0019 
MS1648 0.007 0.115 31.07 10.68 0.032 0.86 0.019 2.74 33 bdl 0.001 bdl 0.028 0.05 0.0002 
MS1649 0.009 0.145 63.77 13.14 0.041 2.05 0.018 5.17 47.84 bdl 0.001 bdl 0.118 0.26 0.0008 
MS1743 0.012 0.027 14.6 21.81 0.5 4.27 0.05 1.15 60.28 bdl <0.001 bdl 1.77 0.48 0.011 
MS1744 0.013 0.049 57.44 16.15 0.15 5.02 0.01 1.99 56.91 bdl <0.001 bdl 0.3 1 0.0016 
MS1745 0.013 0.047 58.4 16.29 0.18 4.3 0.09 1.94 58.02 bdl <0.001 0.001 0.36 1.15 0.0018 
MS1746 0.018 0.123 99.84 20.63 0.09 4.38 0.3 3.28 71.72 0.001 <0.001 bdl 0.62 7.55 0.0017 
MS1747 0.018 0.092 99.09 20.26 0.16 3.57 0.16 1.88 72.1 <0.001 <0.001 bdl 0.72 16.38 0.0017 
MS1748 0.006 0.022 8.66 10.73 0.02 3.81 bdl 1.08 25.64 bdl bdl 0.001 0.22 0.5 0.0007 
MS 1749 0.005 0.017 5.84 5.02 0.02 4.14 bdl 0.64 12.16 bdl bdl 0.001 0.25 0.38 0.0009 
MS1750 0.003 0.039 41.12 7.99 0.04 3.98 bdl 1.48 33.56 bdl 0.001 0.005 0.15 0.58 0.0006 
MS1751 0.015 0.209 52.16 69.54 0.01 4.21 bdl 7.2 204.63 bdl <0.001 0.006 0.77 1.42 0.0016 
MS1752 0.005 0.09 53.25 12.48 0.11 4.37 bdl 2.82 49.26 0.003 0.001 bdl 0.27 0.64 0.0008 
MS1753 0.005 0.071 54.23 12.86 0.17 4.41 bdl 2.93 51.42 0.003 0.002 <0.001 0.46 0.98 0.0011 





MS1755 0.009 0.141 236.71 21.7 0.04 6.79 0.26 11.98 102.72 0.003 0.002 <0.001 0.04 0.65 0.0012 
MS1756 0.006 0.064 82.71 17.03 0.05 5.04 bdl 3.24 83.81 bdl 0.001 bdl 0.18 0.75 0.0006 
MS1757 0.003 0.038 63.81 11.09 0.04 3.65 bdl 2.63 48.06 bdl 0.001 bdl 0.22 0.6 0.0006 
MS1758 0.003 0.038 61.09 10.76 0.05 4.45 bdl 2.48 47.64 bdl 0.001 <0.001 0.23 0.67 0.0006 
MS1759 0.002 0.063 46.34 12.61 0.06 3.37 bdl 3.35 49.57 bdl 0.001 <0.001 0.22 1.01 0.0008 
MS1760 0.004 0.083 37 14.91 0.08 4.27 bdl 3.99 56.19 bdl 0.001 0.001 0.3 0.92 0.0007 
MS1761 0.004 0.072 46.18 9.94 0.06 4.76 bdl 3.03 41.12 bdl 0.001 <0.001 0.17 0.49 0.0005 
MS1762 0.004 0.081 49.33 9.21 0.07 5.16 bdl 3.31 37.05 bdl <0.001 <0.001 0.23 0.57 0.0006 
MS1766 0.005 0.095 47.01 12.67 0.058 3.2 0.15 3.47 48.32 bdl <0.001 0.005 0.29 0.89 0.0007 
MS1767 0.005 0.093 45.61 12.25 0.049 3.01 0.118 3.47 48.04 bdl <0.001 0.004 0.22 0.72 0.0007 
MS1769 0.04 0.076 35.24 32.97 2.953 8.39 0.121 4.23 97.5 0.0021 bdl 0.002 1.22 6.29 0.0162 
MS1770 0.015 0.047 27.21 34.5 0.03 5.5 0.141 6.09 179.81 0.0002 0.001 0.003 0.16 1.58 0.0009 
MS1771 0.022 0.059 28.98 44.17 0.078 5.4 0.144 4.9 184.75 0.0003 0.001 0.004 0.18 1.7 0.0009 
MS1772 0.003 0.004 6.48 5.33 0.142 4.87 0.019 1.95 16.01 0.0004 bdl 0.005 0.3 0.3 0.0015 
MS1773 0.003 0.005 5.75 5.01 0.354 4.49 0.012 1.74 14.53 0.0007 bdl 0.003 0.44 0.73 0.0034 
MS1774 <0.001 0.003 4.45 3.09 0.04 4.69 0.02 1.66 8.3 0.0005 bdl 0.003 0.02 0.14 0.0002 
MS1775 0.002 0.002 28.78 5.93 0.022 5.71 0.011 1.28 16.49 0.0006 <0.001 0.003 0.01 0.15 0.0002 
MS1776 0.001 0.004 6.4 3.24 0.031 4.74 0.029 1.73 8.28 0.0002 bdl 0.004 0.01 0.12 0.0002 
MS1777 0.005 0.003 20.62 5.57 0.087 4.29 0.024 1.93 15.97 0.0002 <0.001 0.008 0.13 0.39 0.001 
MS1778 0.052 0.012 7.87 37.92 4.714 7.74 0.007 1.46 69.76 0.0024 bdl 0.003 9.86 3.59 0.1051 
MS1779 0.062 0.014 5.19 50.39 8.06 9.23 0.019 1.43 56.19 0.0029 bdl 0.004 15.14 6.44 0.1789 
MS1780 0.003 0.062 46.79 4.63 0.166 2.93 0.038 2.75 26.45 0.0003 bdl 0.004 0.59 1 0.0028 
MS1781 0.002 0.004 3.15 1.92 0.055 4.58 0.062 1.43 5.79 0.0002 bdl 0.003 0.03 0.13 0.0002 





MS1783 0.022 0.118 46.32 26.48 0.82 6.95 bdl 5.43 60.43 0.0013 bdl 0.003 2.47 1.23 0.0057 
MS1784 0.021 0.039 18.35 28.54 0.694 7.95 bdl 2.53 65.4 0.0011 bdl 0.004 2.48 1.19 0.0057 
MS1785 0.003 0.032 36.83 9.77 0.088 3.37 bdl 2.13 43.55 bdl <0.001 0.004 0.74 0.86 0.0009 
MS1786 0.003 0.028 65.53 14.77 0.021 4.91 bdl 1.58 66.44 bdl <0.001 0.003 0.07 0.7 0.0004 
MS1787 0.003 0.034 48.26 11.63 0.041 4.36 bdl 2.39 52.83 bdl <0.001 0.004 0.09 0.57 0.0005 







Appendix H. Cation results section 2 
Designations continued from previous cation table.  
MS 
Number Ni Cu Zn As Se Rb Sr Mo Ag Cd Sn Sb Cs Ba 
MS327 0.001 0.004 0.009 bdl 0.001 0.002 0.04 0.0007 bdl 0 0.0052 0.0002 0.00003 0.04 
MS328 0.001 0.003 0.004 bdl 0.008 0.003 1.14 0.0005 bdl 0 0.0011 0.0002 0.0002 0.07 
MS1339 0.018 0.017 0.078 0.009 0.006 0.028 0.61 0.0011 bdl 0.0001 0.0006 0.0011 0.00007 0.24 
MS1401 0.010 0.020 0.104 0.002 bdl 0.003 0.07 0.0013 0.0004 0.0002 0.0017 0.0005 0.00007 0.02 
Misc106 0.052 0.022 0.052 0.033 0.031 0.032 2.86 0.0069 0.0002 0.0001 0.0030 0.0017 0.00027 1.52 
MS1581 0.018 0.007 0.023 0.003 0.0056 0.0101 1.07 0.0011 bdl <0.0001 0.0172 0.0005 0.00007 0.58 
MS1648 0.003 bdl 0.008 0.001 <0.001 0.003 0.22 0.0024 bdl bdl 0.0015 0.0021 0.00003 0.04 
MS1649 0.007 bdl 0.011 0.001 0.001 0.004 0.33 0.0018 <0.0001 bdl 0.0011 0.0017 0.00004 0.04 
MS1743 0.023 0.002 0.027 0.002 0.001 0.001 0.41 0.0005 bdl 0.0002 0.0005 0.0011 0.00001 0.04 
MS1744 0.003 0.003 0.005 0.003 <0.001 0.002 0.42 0.0006 bdl 0.0001 0.0005 0.001 0.00002 0.05 
MS1745 0.005 0.005 0.015 0.003 <0.001 0.002 0.43 0.0005 0.0001 0.0001 0.0005 0.0008 0.00002 0.05 
MS1746 0.006 0.006 0.011 0.005 0.002 0.003 0.59 0.0012 0.0002 0.0001 0.0006 0.0012 0.00004 0.06 
MS1747 0.002 0.008 0.007 0.005 0.001 0.002 0.62 0.0013 bdl 0.0001 0.0006 0.001 0.00004 0.06 
MS1748 0.001 0.001 <0.001 0.002 0.002 0.002 0.12 0.0001 bdl <0.0001 0.0004 0.0007 0.00001 0.03 
MS 1749 <0.001 <0.001 0.002 0.001 0.002 0.001 0.08 0.0002 0.0001 <0.0001 0.0006 0.0008 0.00001 0.03 
MS1750 0.003 0.003 0.005 0.003 bdl 0.001 0.19 0.0024 bdl 0.0001 0.0007 0.0008 0.00001 0.05 
MS1751 0.007 0.002 0.004 0.003 <0.001 0.004 2.52 0.0009 bdl 0.0001 0.0008 0.0007 0.00004 0.02 
MS1752 0.002 0.004 0.013 0.004 0.002 0.002 0.17 0.0029 0.0004 0.0003 0.0034 0.0017 0.00014 0.04 
MS1753 0.003 0.005 0.021 0.005 0.002 0.002 0.17 0.0025 0.0003 0.0003 0.003 0.0015 0.00011 0.05 





MS1755 0.003 0.007 0.034 0.008 0.003 0.01 0.25 0.0115 0.0002 0.0002 0.0021 0.0013 0.00013 0.04 
MS1756 0.002 0.004 0.014 0.005 0.001 0.002 0.22 0.0084 bdl 0.0001 0.0018 0.0014 0.00004 0.06 
MS1757 <0.001 0.003 0.005 0.005 0.001 0.002 0.14 0.0015 <0.0001 0.0001 0.0015 0.0012 0.00003 0.04 
MS1758 <0.001 0.004 0.005 0.004 <0.001 0.002 0.14 0.0014 0.0001 <0.0001 0.0014 0.0011 0.00003 0.04 
MS1759 0 0.004 0.006 0.004 0.002 0.001 0.24 0.0017 bdl 0.0001 0.001 0.0017 0.00001 0.04 
MS1760 0.002 0.003 0.006 0.004 0.002 0.002 0.25 0.0015 0.0001 0.0001 0.001 0.0018 0.00001 0.03 
MS1761 0.001 0.004 0.008 0.003 0.001 0.002 0.17 0.0013 bdl bdl 0.001 0.0014 0.00006 0.02 
MS1762 0.002 0.021 0.01 0.004 0.002 0.003 0.14 0.0018 bdl 0.0001 0.0007 0.0038 0.00009 0.02 
MS1766 0.003 0.004 0.02 0.003 0.001 0.003 0.17 0.0022 bdl 0.0002 0.0003 0.0013 0.00003 0.04 
MS1767 0.003 0.004 0.016 0.003 0.003 0.003 0.17 0.0022 bdl 0.0003 0.0002 0.0008 0.00002 0.04 
MS1769 0.047 0.009 0.098 0.003 0.004 0.006 0.91 0.0015 bdl 0.0006 0.0003 0.0013 0.00002 0.05 
MS1770 0.008 0.007 0.02 0.006 0.003 0.003 0.79 0.0017 bdl 0.0004 0.0001 0.0013 0.00001 0.05 
MS1771 0.013 0.003 0.021 0.004 0.002 0.002 0.83 0.0014 bdl 0.0004 0.0001 0.0013 0.00001 0.04 
MS1772 0.006 0.003 0.024 0.001 0.001 0.001 0.08 0.0001 bdl 0.0003 0.0005 0.0062 0.00001 0.02 
MS1773 0.008 0.005 0.041 0.001 0.001 0.001 0.07 bdl bdl 0.0004 0.0005 0.0012 0.00001 0.03 
MS1774 <0.001 0.003 0.013 0.002 0.001 0.001 0.03 bdl bdl 0.0003 0.0005 0.0013 0.00001 0.02 
MS1775 0.008 0.003 0.02 0.002 0.003 0.002 0.08 0.0003 bdl 0.0004 0.0004 0.0007 0.00004 0.05 
MS1776 0.002 0.002 0.011 0.001 0.003 0.001 0.04 bdl bdl 0.0003 0.0004 0.0008 0 0.01 
MS1777 0.01 0.004 0.034 0.002 0.002 0.001 0.06 0.0009 bdl 0.0003 0.0004 0.0009 0.00003 0.02 
MS1778 0.174 0.013 0.374 0.001 0.004 0.006 0.16 bdl <0.0001 0.0008 0.0005 0.0009 0.0001 0.02 
MS1779 0.272 0.02 0.608 0.001 0.005 0.007 0.13 bdl bdl 0.001 0.0005 0.0013 0.00015 0.01 
MS1780 0.006 0.006 0.015 0.002 0.003 0.004 0.3 0.0004 bdl 0.0003 0.0004 0.0021 0.00006 0.08 
MS1781 0.001 0.003 0.016 0.001 0.003 0.001 0.03 bdl bdl 0.0003 0.0002 0.0011 0.00001 0.02 
MS1782 0.026 0.004 0.112 0.002 0.004 0.002 0.42 bdl 0.0002 0.0003 
<0.000





MS1783 0.025 0.005 0.103 0.002 0.004 0.006 0.4 <0.0001 0.0001 0.0004 bdl 0.0012 0.0001 0.03 
MS1784 0.027 0.006 0.107 0.002 0.002 0.003 0.4 <0.0001 <0.0001 0.0003 0.0001 0.0028 0.00003 0.03 
MS1785 0.004 0.005 0.017 0.004 0.003 0.001 0.1 0.0002 bdl 0.0004 
<0.000
1 0.0006 0.00001 0.09 
MS1786 0.001 0.004 0.01 0.003 0.002 <0.001 0.12 <0.0001 bdl 0.0003 bdl 0.0014 bdl 0.12 





























Appendix I. Cation results section 3 
Designations continued from previous cation tables.  
MS 
Number W Pb Bi U 
MS 
Number W Pb Bi U 
MS 
Number W Pb Bi U 
MS327 <0.001 0.0006 0.00011 0 MS1759 0.0067 0.0013 0.0001 0.0005 MS1782 bdl 0.0004 bdl 0.0001 
MS328 <0.001 0.0007 0.00004 0 MS1760 0.0069 0.0016 0.0001 0.0005 MS1783 bdl 0.0003 bdl 0.0001 
MS1581 bdl 0.001 bdl bdl MS1761 0.0061 0.0026 0.0001 0.0002 MS1784 bdl 0.0004 bdl 0.0001 
MS1648 0.017 bdl 0.00022 0.0001 MS1762 0.0054 0.0009 <0.0001 0.0002 MS1785 bdl 0.0019 bdl 0.0002 
MS1649 0.014 bdl 0.00014 <0.0001 MS1766 bdl 0.0012 bdl 0.0002 MS1786 bdl 0.0006 bdl 0.0003 
MS1743 0.0034 0.0003 <0.0001 0.0004 MS1767 bdl 0.0008 bdl 0.0002 MS1787 bdl 0.0005 bdl 0.0002 
MS1744 0.0036 0.0001 <0.0001 0.0001 MS1769 bdl 0.0011 bdl 0.0008 MS1788 bdl 0.0019 bdl 0.0001 
MS1745 0.0038 0.0002 <0.0001 0.0001 MS1770 bdl 0.0002 bdl 0.0008 MS1339 0.0046 0.0019 <0.0001 <0.0001 
MS1746 0.0039 0.0003 <0.0001 0.0002 MS1771 bdl 0.0003 bdl 0.0005 MS1401 0.0043 0.0008 0.0002 <0.0001 
MS1747 0.0041 0.0019 <0.0001 0.0003 MS1772 0.0003 0.0004 bdl <0.0001 Misc106 0.0085 0.0003 <0.0001 0.0002 
MS1748 0.0042 0.0001 <0.0001 bdl MS1773 bdl 0.0011 bdl 0.0001 
MS 
1749 0.0037 <0.0001 <0.0001 bdl MS1774 0.0002 0.0005 bdl bdl      
MS1750 0.0041 0.0001 <0.0001 <0.0001 MS1775 bdl 0.0005 bdl bdl      
MS1751 0.0053 <0.0001 <0.0001 0.001 MS1776 bdl 0.0005 bdl bdl      
MS1752 0.0174 0.0016 0.0003 0.0004 MS1777 bdl 0.0009 bdl <0.0001      
MS1753 0.0147 0.004 0.0002 0.0004 MS1778 <0.0001 0.0008 bdl 0.0014      
MS1754 0.0133 0.0022 0.0002 0.0005 MS1779 bdl 0.001 bdl 0.002      
MS1755 0.0117 0.0002 0.0001 0.0003 MS1780 bdl 0.0013 bdl 0.0002      
MS1756 0.0099 0.0034 0.0001 0.0007 MS1781 bdl 0.0004 bdl bdl      
MS1757 0.0086 0.0007 0.0001 0.0002           





Appendix J. Light hydrocarbon results 
All amounts in µg/L. Values above applicable standards are in red. Sample sets are separated by lines. Reference samples are shaded 
yellow, upstream samples green, and downstream samples light red. This analysis was not done on Misc 106, MS 1339, or MS 1401. 
MS Number Methane Ethane Ethene Propane 
MS 
Number Methane Ethane Ethene Propane 
MS327 - - - - MS1757 15 bdl bdl bdl 
MS328 3.19 0.02 0.01 0.02 MS1758 10 bdl bdl bdl 
MS1581 399 bdl bdl bdl MS1759 35 bdl bdl bdl 
MS1648 20 11 bdl bdl MS1760 20 bdl bdl bdl 
MS1649 18 11 bdl bdl MS1761 18 bdl bdl bdl 
MS1743 6 bdl bdl bdl MS1762 14 bdl bdl bdl 
MS1744 10 bdl bdl bdl MS1766 26 bdl bdl bdl 
MS1745 15 bdl bdl bdl MS1767 7 bdl bdl bdl 
MS1746 13 bdl bdl bdl MS1769 7 bdl bdl bdl 
MS1747 17 bdl bdl bdl MS1770 bdl bdl bdl bdl 
MS1748 9 bdl bdl bdl MS1771 bdl bdl bdl bdl 
MS 1749 30 bdl bdl bdl MS1772 bdl bdl bdl bdl 
MS1750 10 bdl bdl bdl MS1773 bdl bdl bdl bdl 
MS1751 5 bdl bdl bdl MS1774 bdl bdl bdl bdl 
MS1752 15 bdl bdl bdl MS1775 bdl bdl bdl bdl* 
MS1753 10 bdl bdl bdl MS1776 bdl bdl bdl bdl 
MS1754 8 bdl bdl bdl MS1777 - - - - 
MS1755 bdl bdl bdl bdl MS1778 bdl bdl bdl bdl      










MS Number Methane Ethane Ethene Propane 
MS1780 bdl bdl bdl bdl 
MS1781 bdl bdl bdl bdl* 
MS1782 bdl bdl bdl bdl 
MS1783 bdl bdl bdl bdl* 
MS1784 bdl bdl bdl bdl 
MS1785 120 bdl bdl bdl 
MS1786 20 bdl bdl bdl 
MS1787 9 bdl bdl bdl 























Appendix K. Mass ratio results 
Sample sets are separated by lines. Reference samples are shaded yellow, upstream samples green, and downstream samples light red.  
MS 
Number Sample Name  Mg/Na SO4/Cl Mg/Li Br/SO4 Ba/Cl Ca/Mg Ca/Sr 
MS327 Wastewater Treatment-upstream  0.173315893 0.478 1325  0 4.781132 316.75 
MS328 Rt. 6 Bridge-downstream 0.067636364 0.032 130.2 0.2660099 0 6.817204 38.92982 




4186 2.284 98.26 
MS1401 
Belle Vernon WWTP no longer 




181 4.623 618.4 




12845 2.79 69.01 
MS1581 
Northpark/Wheeling Landfill 
leachate 0.303509307 0.045 789.36508 0.1489362 0.01 3.097326 143.9533 
MS1648 OH - upstream (Sample 1) 0.343739942 2.675 1525.7143  0 3.089888 150 
MS1649 OH - outflow (Sample 2) 0.206053003 2.181 1460  0 3.640791 144.9697 
MS1743 Advanced Disposal-downstream 1.493835616 6.653 1817.5  0 2.76387 147.0244 
MS1744 Max Yukon Pt 1-downstream 0.281162953 1.264 1242.3077  0 3.523839 135.5 
MS1745 Max Yukon Pt 2-upstream 0.278938356 1.389 1253.0769  0 3.561694 134.9302 
MS1746 Brush Creek Pt 1-downstream 0.206630609 1.164 1146.1111  0 3.476491 121.5593 
MS1747 Brush Creek Pt 2-upstream 0.204460591 1.272 1125.5556  0 3.558736 116.2903 
MS1748 Northwest Pt 1-downstream 1.239030023 6.485 1788.3333  0 2.389562 213.6667 
MS 1749 Northwest Pt 2-upstream 0.859589041 4.44 1004  0 2.422311 152 
MS1750 Seneca Pt-downstream 0.194309339 0.463 2663.3333  0 4.20025 176.6316 
MS1751 Seneca Pipe- outfall downstream 1.333205521 4.695 4636 9.647E-06 0 2.942623 81.20238 
MS1752 Dover WWTP-upstream 0.234366197 0.655 2496  0 3.947115 289.7647 
MS1753 Dover WWTP-downstream 0.237138115 0.645 2572  0 3.998445 302.4706 





MS1755 Canton WWTP-outfall 0.091673356 0.295 2411.1111 0.0001753 0 4.733641 410.88 
MS1756 Canton WWTP-upstream 0.205900133 0.476 2838.3333  0 4.921315 380.9545 
MS1757 Akron-downstream 0.17379721 0.275 3696.6667  0 4.333634 343.2857 
MS1758 Akron-upstream 0.176133573 0.274 3586.6667  0 4.427509 340.2857 
MS1759 Alliance-upstream 0.27211912 0.436 6305  0 3.931007 206.5417 
MS1760 Alliance-downstream 0.402972973 1.206 3727.5  0 3.768612 224.76 
MS1761 Lowellville-upstream 0.215244695 0.915 2485  0 4.136821 241.8824 
MS1762 Lowellville-downstream 0.186701804 0.431 2302.5  0 4.022801 264.6429 
MS1766 Beaver Falls-upstream 0.269517124 0.802 2534 0.0005357 0 3.813733 284.2353 
MS1767 Beaver Falls-downstream 0.268581451 0.821 2450  0 3.921633 282.5882 
MS1769 Max Bulger-racoon upstream 0.935584563 20.05 824.25  0 2.957234 107.1429 
MS1770 
Max Bulger-little racoon 
downstream 1.267916207 1.526 2300 0.0001644 0 5.211884 227.6076 
MS1771 
Max Bulger-little racoon 
upstream 1.524154589 1.908 2007.7273  0 4.182703 222.5904 
MS1772 Pine Creek STP-upstream 0.822530864 3.433 1776.6667  0 3.003752 200.125 
MS1773 Pine Creek STP-downstream 0.871304348 3.898 1670  0.01 2.9002 207.5714 
MS1774 Millville-upstream 0.694382022 1.386 3090  0 2.686084 276.6667 
MS1775 Millville-outfall 0.206045865 0.135 2965 0.025974 0 2.780776 206.125 
MS1776 Millville-downstream 0.50625 1.06 3240  0 2.555556 207 
MS1777 Pennsylvania Water-downstream 0.270126091 0.81 1114  0 2.867145 266.1667 
MS1778 Phoenix Landfill-downstream 4.818297332 44.37 729.23077  0 1.839662 436 
MS1779 Phoenix Landfill-upstream 9.709055877 94.89 812.74194 0.00034 0 1.115102 432.2308 
MS1780 
McKean Landfill-pt1 
downstream 0.098952768 0.582 1543.3333 0.0145631 0 5.712743 88.16667 
MS1781 
McKean Landfill-pt2 







upstream 3.486284289 29.8 1270.9091  0 2.33691 155.5714 
MS1783 
Advanced Disposal Greentree-
downstream pt1 0.571675302 5.892 1203.6364 0.0009482 0 2.2821 151.075 
MS1784 
Advanced Disposal Greentree-
downstream pt2 1.555313351 15.49 1359.0476  0 2.291521 163.5 
MS1785 Chemung downstream 0.265272875 0.261 3256.6667 0.0135135 0 4.457523 435.5 
MS1786 Newton downstream 0.22539295 0.142 4923.3333 0.0126582 0 4.498307 553.6667 
MS1787 Between point 0.240986324 0.211 3876.6667 0.0112028 0 4.542562 528.3 




























Appendix L. Oil and gas waste accepted by CWT 
Amounts of Pennsylvania solid and liquid oil and gas waste accepted by commercial wastewater treatment facilities between January 
2011 and March 2021. The percent of total solid and liquid waste is also shown.  
Year 









    25,783,795.74       885,197.55                 
11,128.86  
0.04% - -  47629.34  0.18% - 
 
2012 
    37,904,071.69    1,266,047.35               
991,071.99  
2.61%                     
7,462.95  





    35,066,014.30    1,009,420.35               
476,828.09  
















    33,757,604.17       785,255.55               
309,876.31  







    25,679,390.29       371,077.29               
652,069.96  
2.54%                        
866.28  





    22,955,714.80       232,415.54                 
43,309.74  
0.19%                        
751.96  





    18,753,601.30       412,419.55                   
2,211.99  

































TOTAL   305,637,795.70    6,992,957.31  
          
2,733,616.98  
0.89%                   
53,186.06  
















Appendix M. Map created for Pennsylvania legislators  
This map was created by Pennsylvania house staff for legislators using data collected for this analysis.  
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Appendix O. List of individuals who collected samples 
Sample Number Sample Collector 
Misc 106 G. Kruppa 
MS 327-328 J. F. Stolz 
All Others L. M. Badertscher & C. Zeigler 
 
